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ABSTRACT 
Natural polymer-based hydrogels, like bacterial cellulose (BC) hydrogels, 
gained a growing interest in the past decade mainly thanks to their good 
biological properties and similar fibrous structure as real human tissues that 
make them good potential candidate materials for various applications in a 
biomedical field. BC hydrogels are produced in a process of primary metabolism 
of some microorganisms. They were intensively studied with regard to their 
biological aspects, revealing many potential applications such as a direct 
implant replacement of some real tissues and an excellent scaffold for in-vitro 
tissue regeneration; still, its mechanical behaviour under application-relevant 
conditions has not been well documented.  
BC hydrogels are expected to be employed into body environment; thus, a 
comprehensive understanding and prediction of their mechanical response 
under application-relevant conditions are of vital importance, since mechanical 
signals from implants would substantially affect activities of local cells and 
tissues. Still, a lack of knowledge of a real-time response to deformation is due 
to poor detectability of microstructural changes in a nanofibrous network. That 
complicates predictions of their mechanical behaviour and service life for 
candidate materials implemented into body environment. Consequently, a 
systematic study to determine mechanics of BC hydrogel is desirable in order to 
assess their suitability for potential applications in a scientific way not only for 
BC hydrogels but also other fibrous system.  
In this PhD project, a framework of mechanical testing, micro-morphological 
observations and numerical modelling was developed for the purpose of 
characterisation of mechanics of a BC hydrogel including its inelastic and time-
dependent behaviours as well as deformation mechanisms.  
Uniaxial tension and compression tests were carried out to study elastic 
behaviour of the BC hydrogel in its fibrous plane and along a through-thickness 
direction, respectively, confirming that the hydrogel demonstrate non-linear 
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elastic behaviour with several characteristic stages. Cyclic tension and 
compression tests were also performed, and the results identified inelastic 
behaviour of the BC hydrogel, which means that non-elastic deformation always 
contributes to a process of deformation. Tensile creep and compressive stress 
relaxation tests allowed characterisation of typical time-dependent behaviour of 
the BC hydrogel at various stress and force levels, respectively. Anomalous 
strain-rate-dependent behaviour of the BC hydrogel with a transition from 
hardening to softening was determined. Micro-morphological observations 
provided comprehensive information of microstructural changes in the studied 
BC hydrogel in a process of its deformation. Some physical phenomena, such 
as fibre reorientation, formation of entanglement, failure of fibres, and water 
movement, were observed. With these evidences, some assumptions of 
deformation mechanisms were proposed to explain non-linear inelastic and 
time-dependent behaviours as well as anomalous strain-rate-dependent 
behaviour of the BC hydrogel. Finally, a 2D discontinuous FE model based on 
the knowledge, results and data from the experimental studies was developed. 
A theoretico-experimental framework was suggested for the purpose of 
assessing stiffness of BC nanofibres. 
The major contribution to new knowledge of this PhD is to combine some 
existing testing methodologies to provide a framework for characterisation of 
mechanical behaviour of a fibrous hydrogel at various length scales. In 
particular, a strain-rate-dependent behaviour with a transition from hardening to 
softening is firstly determined along with some initial explanation to its 
deformation mechanisms. 
Keywords: bacterial cellulose hydrogel; nano-fibrous network; mechanical 
characterisation; inelastic behaviour; time-dependent behaviour; micro-
morphological observation; deformation mechanisms; inverse parameter 
estimation; stiffness of nanofibres  
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CHPATER 1 
1. Introduction 
 
 
1.1. Research background 
Human tissues may lose their functionalities due to traumas, aging, sports 
injuries, etc. An increasing number of musculoskeletal surgical operations is 
well documented; it is estimated that some 730,000 road accidents happen in 
the UK each year [1] and 8.4 million sport injuries were reported in the EU in 
2009 [2]. Unfortunately, current medical techniques are not fully adequate in 
assisting in the restoration of functionality of the damaged tissue before their 
damaging. Based on condition of this situation, since the Second World War, 
tissue engineering rapidly developed and attracted growing interest, including 
by researchers from biology, medical science, engineering, materials science, 
etc. It is an innovative methodology that attempts to develop biomaterials to 
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interface with bio-systems for the purpose of treatment or replacement of 
damaged tissues or organs of a human body [3]. In order to obtain efficient and 
appropriate biomaterials, there are several criteria to be considered, especially 
with regard to biological and mechanical properties. From a biological point of 
view, two main factors must be taken into account: living cells including their 
generation process and the matrix in which cells are grown. From a mechanical 
point of view, the biomaterial has to have similar mechanical properties and 
structural integrity as real ones. 
So far, several types of biomaterials have been developed. Since biomaterials 
are employed into a human body, biocompatibility is the foremost requirement 
for a material to qualify for tissue-engineering applications, implying that the 
material can be used with an appropriate host response [4]. Although the 
existing biomaterials have been successfully implemented as a replacement of 
damaged tissues, they still remain foreign materials, potentially leading to 
rejection from surrounding tissue to some degree [5]. In another aspect, 
autografting has no rejection in vivo [6]. Hence, another type of biomaterial – 
artificial living-tissue – has recently been developed for tissue engineering. The 
innovative concept is to culture host cells in vitro with some stimulation, such as 
electrical [7] and mechanical [8], to grow artificial living tissues for the purpose 
of surgical replacement. For instance, researchers developed a living-tissue by 
utilizing chemical synthesis and mechanical theories to produce extracellular 
collagen gel matrix with embedded living cells, resulting in a living artificial 
tendon-like tissue [9, 10]. The advantages are obvious – no rejection and they 
possess bio-activity; whereas, an insufficient cell density results in limited 
mechanical properties compared with those of the real tissue [11]. Inspirited by 
fibre-reinforced composite, a scaffold material, such as bacterial cellulose (BC) 
hydrogel, was developed regarding as a new ‘house’ to host cells with 
advantages of mechanical reinforcement and a convenient culture process [12].  
BC hydrogel, produced by bacteria belongs to the genera Acetobacter, 
Rhizobium, Agrobacterum and Sarcina, offers ideal biocompatibility. It makes 
BC hydrogel a potential candidate for various applications in biomedical 
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engineering. For instance, it can be used as a scaffold for regenerating soft 
tissues [13]. Structurally, it consists of a liquid phase with a large content of 
water and a solid phase of multi-layered nanofibre network. Its high porosity 
provides ideal environment for cell differentiation as well as nutrition supply. It 
has been largely studied with regard to its biological aspect; still, there is 
insufficient research of its mechanical aspect, especially micromechanics due to 
a challenge of length scale at nanoscopic level. This limits its development 
since to allow applications in tissue engineering, the mechanical behaviour of 
BC hydrogel or BC-based fibre-reinforced biomaterials under application-
relevant conditions should be fully understood. Also, understanding of 
mechanical behaviour at various length scales is crucial for developing an 
appropriate realistic model to predict and optimize mechanical behaviour for 
real-life applications. 
In order to fully understand mechanical behaviour of a material, numerical 
modelling has become a necessary tool, since it accounts for certain 
hypotheses and addresses some tough problems, e.g. strain and stress 
distribution, crack initiation and propagation, which are nearly impossible to 
solve with experimental methods. Accordingly, finite-element analysis (FEA) is 
widely used to provide an in-depth understanding of behaviour of materials 
under various loading regimes, such as various strain and stress distributions 
and damage initiation and propagation. Some finite-element (FE) models were 
developed for biological tissues and compared with experimental data [14, 15]. 
Some FE models were developed in literature to introduce microstructure of 
some fibrous materials, e.g. fibre-orientation distribution, density of intersection, 
joint type, porosity, etc.; still, limited models for BC hydrogels can be found. 
Adequate micromechanical models are necessary to be developed to predict its 
mechanical behaviour in the process of various conditions.  
This project was implemented in collaboration with the College of Life Science 
and Technology (CLST), Huazhong University of Science and Technology 
(HUST), China. Researchers from CLST synthesised the studied BC hydrogel 
for this investigation. The contribution of candidate was gathering the 
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experimental data using state-of-the-art experimental facilities at Loughborough 
University (LU) as well as developing advanced numerical models to get an in-
depth knowledge about micromechanical behaviour of the BC hydrogel. 
1.2. Aims and objectives 
Aims 
Aim of this PhD project is characterisation of mechanical properties of the BC 
hydrogel, assessment of behaviour of BC fibrous network under external loads 
and comprehensive understanding the micromechanical behaviour of the BC 
hydrogel in order to develop micromechanical modelling. Various mechanical 
tests are necessary to perform to provide a full set of experimental data for 
overall mechanical properties of the BC hydrogel. Microstructural observations 
should be carried out to analyse the microstructural changes under external 
loading to understand its deformation mechanisms. Analysis of structural 
features would provide foundation for development of geometry of a 
microstructural FE model. The model aims at determining stiffness of BC 
nanofibres based on its global response and microstructure. The project 
consists of an experimental part – mechanical testing and micromorphology 
analysis – and a numerical modelling part.  
Objectives 
In order to accomplish the aim of this study, a combination of experimental and 
numerical techniques was employed. The experimental approach includes two 
main parts – mechanical testing and micromorphology analysis. The objectives 
in this study are as following: 
i. Experimental approach 
 Mechanical testing 
 Characterisation of elastic properties and inelastic behaviour of the 
studied BC hydrogel in its through-thickness direction (perpendicular to 
 
CHAPTER 1  
Introduction 
~ 5 ~ 
 
a fibrous layer) in compression and in a radial-transvers plane (in-plane 
of the fibrous layer) in tension with uniaxial and cyclic tests; 
 Characterisation of viscoelastic properties and time-dependent 
behaviour of the BC hydrogel in its through-thickness direction in 
compression and in the radial-transvers plane in tension with tensile 
creep and compressive stress relaxation tests; 
 Morphology analysis 
 Determination of microstructural changes with regard to deformation 
mechanisms in the process of deformation;  
 Analysis of microstructure to developing a realistic micromechanical 
modelling scheme; 
ii. Numerical approach 
 Developing a representative volume element (RVE) model based on the 
realistic microstructure including information on fibre orientation 
distribution and their volume fraction; 
 Assessing stiffness of BC nanofibres with a theoretico-experimental 
framework. 
 
1.3. Thesis structure 
A schematic of research flowchart of this thesis is shown in Fig. 1.1. Some of 
the results in this thesis were (or planned to be) published, and they are listed 
below the research flowchart. The thesis is generally divided into six main parts 
– introduction, literature review, experimental methodology, experimental study, 
numerical modelling, and conclusion and future work. A brief description of each 
chapter is given as following:  
Chapter 2 Bacterial Cellulose Hydrogel 
A comprehensive literature review of overall properties of BC hydrogel is 
presented in this chapter. It consists of an overview of BC hydrogels, their 
mechanical properties and potential applications. 
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Chapter 3 Micromechanics of Bacterial Cellulose Hydrogel 
A literature review of micromechanics of BC hydrogels, including properties of 
BC nanofibres, effect of microstructure on their global response and numerical 
modelling, is implemented in this chapter.  
Chapter 4 Experimental Methodology 
This chapter focuses on experimental methodology used in this research, 
including sample preparation, experimental set-up and equipment. Some 
custom-made apparatus developed for this research are also introduced. 
Generally, experimental methodology is a combination of sample preparation, 
mechanical testing and morphology analysis. 
Chapter 5 Characterisation of Inelastic Behaviour of Bacterial Cellulose 
Hydrogel 
Experimental approaches used to characterise elastic properties and inelastic 
behaviour of the studied BC hydrogel by employing uniaxial and cyclic tensile 
and compressive tests are given in this chapter. Uniaxial tension, compression 
and cyclic tests were used.  
Chapter 6 Characterisation of Time-dependent Behaviour of Bacterial 
Cellulose Hydrogel 
In this chapter, tensile creep and compressive stress-relaxation tests as well as 
tension under various strain-rates were carried out to investigate viscoelastic 
properties and time-dependent behaviour of the BC hydrogel.  
Chapter 7 Determination of Deformation Mechanisms of Bacterial 
Cellulose Hydrogel 
On the basis of experimental data, micromorphology observations were used to 
analyse microstructural changes in the process of deformation. Obtained results 
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were used to identify systematically deformation mechanisms under various 
external load regimes. 
Chapter 8 Assessing Axial Modulus of BC Nanofibre Using Discontinuous 
FE Modelling 
2D and 3D geometries of fibre-network were identified based on 
micromorphology observations. A magnitude of an axial modulus of BC 
nanofibres was assessed with a discontinuous FE model by calibrating the 
obtained experimental data and modelling results. 
Chapter 9 Conclusions and future work 
A brief summary of the current research achievements and conclusions are 
implemented in this chapter. Also, some limitations of the current studies and 
potential research gaps are introduced with suggestions for future studies. 
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CHAPTER 2 
2. Bacterial Cellulose Hydrogel 
 
 
2.1. Overview of bacterial cellulose hydrogel 
In recent years, due to the rapidly increasing demands for surgical 
replacements, a number of biomaterials has been developed and successfully 
implemented into human body, such as polymeric scaffolds for artificial cardiac 
valves [16, 17], ceramics for joint prostheses [18, 19] and polymers to vascular 
graft [20]. Prior to a certain tissue-engineering application, there is a need to 
fully understand overall properties of the candidate biomaterials, among which 
structural features, biological and mechanical properties are usually considered 
as three main criteria. The structural features at various length scales are 
usually regarded as a main factor to contribute to properties. Since biomaterials 
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would employed in human-body environments, biological properties are one of 
the key issues for their qualification as appropriate candidates. Due to the 
involvement in loading environment inside a human body, mechanical 
behaviour under relevant conditions is of importance when deciding whether 
they are effective when introduced in a human body.  
In recent decades, materials and biomaterials science has been developed 
rapidly, and a number of new biomaterials with unique properties are produced 
every year. One of such materials is bacterial cellulose (BC) hydrogel. Its 
excellent biocompatibility has attracted a growing interest, and numerous efforts 
were made to understand various aspects of BC hydrogels. Thus, in this 
chapter, a brief review of BC hydrogels is introduced, including its production, 
structural features and biological properties. Then, the current state of 
mechanics of BC hydrogels is presented. Finally, a brief discussion of its 
potential applications in biomedical science is introduced for further 
understanding of motivation for characterisation of BC hydrogels.  
2.2. Overview of bacterial cellulose hydrogel 
2.2.1. Introduction  
One of the most abundant biopolymers on the planet is cellulose. It is 
documented as a major constituent of plant biomass forming a basic structure 
of cell walls, considered as skeletal component in plants. Also, it can be in the 
form of microbial extracellular polymers, known as bacterial cellulose. BC is a 
product of primary metabolism of bacteria belonging to genera Acetobacter, 
Rhizobium, Agrobacterum and Sarcina; its most efficient producers are Gram-
negative, acetic acid bacteria Acetobacter xylinum, which was reclassified as 
Gluconacetobacter xylinus and employed as model microorganisms for basic 
and applied studies. Based on a review by Jonas and Farah [21], producers of 
bacterial cellulose are summarized in Tab. 2.1.  
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Table 2.1: Summary of bacterial cellulose producers and their products and biological 
roles [21] 
Organisms (genus) Cellulose produced Biological role 
Acetobacter 
Extracellular pellicle 
Cellulose ribbons 
To keep in aerobic 
environment 
Achromobacter Cellulose fibrils 
Flocculation in 
wastewater 
Aerobacter Cellulose fibrils 
Flocculation in 
wastewater 
Agrobacterium Short fibrils Unknown 
Alcaligenes Cellulose fibrils 
Flocculation in 
wastewater 
Pseudomonas No distinct fibrils 
Flocculation in 
wastewater 
Rhizobium Short fibrils Unknown 
Sarcina Amorphous cellulose Unknown 
Zoogloea Not well defined 
Flocculation in 
wastewater 
BC was first documented by Brown in 1886 [22]. He found that there was a thin 
layer of hydrogel on the surface of fermented solution during the process of 
acetic fermentation, identified that it had the same chemical structure as 
cellulose. More recently, BC hydrogels gained increasing interests since it has 
been found useful for numerous potential applications in a bioengineering field 
owing to its microstructure, high porosity, perfect biocompatibility, etc. [23]; and 
the applications will be introduced in section 2.3  
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2.2.2. Production of bacterial cellulose hydrogel 
Compared with plant cellulose, production of BC has some advantages 
including the following: (1) the effect of climate on it is insignificant; (2) it can be 
controlled both in quality and quantity; (3) bacteria-produced cellulose is highly 
pure, without hemicellulose and lignin; (4) industrial and agricultural waste can 
be utilized in the process of fermentation to produce cellulose. Still, it also has 
some shortcomings, limiting its mass industrial fabrication such as high cost and 
insufficient productivity. Therefore, the current price of the BC is too high to 
make it commercially attractive [24], and production of the BC is still largely 
confined to the laboratory.  
In many labs, industrial and agricultural waste, such as syrup, vinegar, juice, 
crop straw hydrolyte, etc. is utilized to produce BC hydrogels. Currently, there 
are two main ways to produce it – static culture and agitated culture. As shown 
in Fig. 2.1, BC hydrogels synthesized under static-culture conditions maintain a 
good shape and morphology. By using some specific modes, e.g. tube-shape, 
rectangle-shape, BC hydrogels can be shaped for the uses of some biomedical 
applications, e.g. artificial blood vessels [25] and skins [26]. Due to a high cost 
of space occupancy and labour, the cost under static-culture conditions is high. 
Under agitated-culture conditions, the cost is relatively low, whereas more 
efforts are necessary for quality control of micromorphology of BC hydrogel.  
Conventional production methods cannot achieve commercial quantities, and, 
thereby, some advancements with a reactor-based technique for improving 
cellulose production were developed [27], such as rotating-disk reactor, rotating 
biological membrane contact reactor, aerosol bioreactor, etc. Basically, they are 
designed to achieve a balance between static and agitated conditions and, as a 
result, to create a so called quasi-static culture conditions for both maintaining 
morphology and improving cellulose production. Even though the output is still 
insufficient for commercial quantities that falls into a range of 5~15 g L−1 with a 
productivity of ~0.2 g L−1h−1.  
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Figure 2-1: Synthesis of BC under static and agitated conditions [23] 
 
2.2.3. Structural features 
Generally, there are two main types of hydrogel – natural and synthetic; BC 
hydrogel belongs to the latter. In general, it is produced by microorganisms, 
constructing a fibrous network with large porosity that could hold a high water 
content, forming a BC hydrogel (Fig. 2.2).  
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Figure 2-2: SEM images (10,000×) of Gluconacetobacter [28]  
In terms of chemical composition, BC is purely composed of carbon, oxygen 
and hydrogen with the formula of (C6H10O5)n , classified into polysaccharide. 
The basic unit of BC is hexoses, linked by 𝛽 − 1,4 glycoside bond forming a 
cellulose chain at sub-nanoscale (Fig. 2.3). The cellulose chain is born with 
abundant hydroxyl making it hydrophilic.  
From the structural point of view, a BC fibre is the basic unit of the BC hydrogel. 
It is assembled with a hierarchical structure. As shown in Fig. 2.3, at nanoscopic 
level, BC microfibrils with a diameter of 3~4 nm are assembled by cellulose 
chains; the BC microfibrils self-assemble together with parallel arrangement to 
form a BC fibril at sub-microscopic level; then, at microscopic level, the BC 
fibrils sequentially bundle together to construct a BC fibre with a diameter of 
~100 nm. Due to regular self-assembly and arrangement, BC fibres are 
characterised by high crystallinity.  
Due to the supply of oxygen, bacteria live and grow on the air-liquid interface 
rather than within a nutrient solution; as a result, they form a multi-layer 
structure with some weak links along a longitudinal direction (Fig. 2.3). Under 
static-culture conditions, nutrition is equally distributed in the culture medium so 
that bacteria choose any direction to grow, forming, as a result, a random fibre 
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distribution in the plane of a fibrous layer (radial-transverse plane in Fig. 2.3), 
forming a non-woven-like structure. Additionally, due to the production process, 
BC fibres are long, with rare branches [21]. From the structural point of view, 
the BC hydrogel is a transversely isotropic material. In their natural state, fibres 
are bonded with water molecules by hydrogen bonds, and then naturally 
interweaved together. A 3D-nanofibre-network is capable to hold a large content 
of water (~99 vol%) to form a hydrogel at macroscopic level. There are two 
main types of water reported – free water and bond water. Free water can be 
squeezed out easily under external loading. To naked eye, the BC hydrogel is a 
white in colour, soft in texture, semi-transparent material (Fig. 2.3).  
 
Figure 2-3: Hierarchical structure of BC hydrogel from sub-nanoscale to macroscale 
 
2.2.4. Biological properties 
One of the most important factors in assessing suitability of BC hydrogels as a 
biomaterial is its biological properties. Since biomaterials are expected to be 
employed in a human body, biocompatibility is the foremost feature for 
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applicability of a material for biomedical applications; it implies that the material 
can be used with an appropriate host response [4]. A natural BC hydrogel 
demonstrates ideal biocompatibility without acute toxicity, chronic toxicity, 
genotoxicity with regard to many types of cells [13, 29, 30]; as an example, 
Helenius et al. [31] evidenced that the little foreign body rejection was found 
after implemented BC into rats for 7 days (Fig. 2.4). Due to its ideal 
biocompatibility, many biomedical applications have been developed, and will 
be introduced in detail in Section 2.3.  
 
Figure 2-4: Little foreign body rejection was found after implementation of BC for 7 
days [31] 
On the other hand, it is also important to investigate biodegradability of a 
biomaterial, i.e. its ability to maintain its original state after implementing into a 
human body. For instance, if a biomaterial is used to replace a damaged bone 
tissue, it should be non-biodegradable. In human body, due to a lack of 
enzymes to decompose 𝛽 − 1,4 glycoside bond, BC would not be biodegraded 
without any further treatment, such as injection of enzymes.  
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2.3. Potential applications of BC 
2.3.1. Introduction 
A critically important motivation to understand a material is to reveal its potential 
applications. The efforts in characterising the overall mechanical properties of 
BC hydrogel allow us to identify its potential applications in various fields. 
Thanks to unique characteristics of BC, including its chemical purity, 
biocompatibility and hydrophobicity, it has found its way into various 
applications in paper, food, textile, and as a biomaterial in cosmetics and 
medicine [23]. On the other hand, BC-based materials have found widespread 
applications in medical sciences, such as components of wound dressing [32, 
33], drug delivery systems [34], etc.  
More recently, an increased interest in BC hydrogels arose since it found 
potential use in surgical applications. So, in this section, potential uses of BC 
hydrogels as an implant replacement and a scaffold material for tissue 
regeneration will be introduced.  
 
2.3.2. Implant replacement 
In order to be qualified as an implant replacement, BC hydrogel should 
demonstrate mechanical properties similar to those of real tissues. From the 
literature, values for the elastic modulus, ultimate stress and strain of natural-
state BC hydrogels and some human soft tissues are summarized in Tab. 2.2. 
Obviously, BC hydrogels are softer than other human tissues except for muscle; 
however, BC hydrogels are not cellular tissues, so they do not possess the 
tissue’s functionality, such as force production like muscle. Due to its limited 
mechanical properties, the natural-state BC hydrogels are not appropriate for 
the direct use in implant-replacement applications.  
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Table 2.2: Characteristic values of elastic modulus, ultimate stress, and ultimate strain 
for BC hydrogel and various biotissues from literature 
Tissue and 
biomaterial 
Elastic 
modulus, 
MPa 
Ultimate 
stress, 
MPa 
Ultimate 
strain, 
% 
Reference 
BC 
hydrogel 
4.03 1.53 26 [33] 
Liver 16.9 1.85 32.6 [35] 
Muscle 0.45 0.16 50.5 [36] 
Blood 
vessel 
10 2.44 47.11 [37] 
Aortic 
valve 
20.4 3.44 45.07 [38] 
Septum 
cartilage 
9 1.5 22.5 [39] 
Patellar 
tendon 
507.4 ± 135.3 58.7 ± 16.3 18 ± 3 [40] 
In their natural state, BC hydrogels consist of a solid component of BC fibres 
and 99 vol% water, so according to the rule of mixture, the insufficient content 
of BC fibres is the main reason for its limited overall mechanical properties. In 
other words, the overall mechanical properties could be optimized by controlling 
the effective content of BC fibres. For example, Nimeskern et al. [41] prepared 
BC hydrogels with varying cellulose content by applying a controlled loading to 
press the water out, as shown in Fig. 2.5 a-c. They performed tensile and 
stress-relaxation indentation tests to identify the effect of cellulose content on 
the overall mechanical properties of BC with various volume fraction of cellulose. 
Then, the obtained properties were compared with those of ear cartilage. It was 
demonstrated that the BC hydrogel with more than 14% effective cellulose 
content could be potentially used as ear-cartilage replacement. Also, the 
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authors used a bio-printer to fabricate a mould of patient-specific ear cartilage, 
and then produced a BC hydrogel with auricular cartilage shape, as shown in 
Figs. 2.5. d-f.  
 
Figure 2-5: SEM images (5000×) show BC microstructure with different effective 
cellulose content: (a) 1%; (b) 5%; (c) 10%. (d) 3D schematic diagram of ear shape with 
highlight of auricular cartilage shape (red colour). (e) Negative silicone mould to 
remodel ear. (f) BC hydrogel with auricular cartilage shape (modified from [41]) 
In an example of a two-component bio-composite of aortic valve under tension, 
a weak constituent (elastin) dominates load-bearing in the initial stage; then, by 
the gradual engagement of collagen fibres, the bulk tissue becomes stiffer with 
increasing strain [38]. Similarly, BC hydrogel could be generally considered as a 
two-component composite – cellulose and water; whereas the weak component 
(water) is trivial in loading-bearing compared with BC fibres. This could be 
another issue leading to limited overall mechanical properties.  
Apparently, mechanical properties of BC can be enhanced by replacing 
interstitial water with another stiffer matrix. Thanks to a large content of water 
and high porosity, some chemical monomers can penetrate into the fibrous 
network, and, subsequently, a matrix could be generated by polymerization. 
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Using this approach, Brown et al. [42, 25] prepared a BC-based fibre-reinforced 
material – BC/fibrin composite, as shown in Fig. 2.6. They noticed that (i) BC 
showed remarkable strength with limited elasticity, and it was suitable in the 
aqueous environment, such as blood vessels; (ii) fibrin demonstrated superior 
elasticity, with more than 300% extensibility. They characterised elastic and 
viscoelastic properties of the BC/fibrin composite employing tensile and creep 
tests. The determined results demonstrated the potential use of the produced 
composite for replacement of native blood vessels.  
 
Figure 2-6: Microstructure ((a) and (b)) [42] and (surface features (c) and (d)) [25] of 
BC/fibrin composite 
In conclusion, BC hydrogel with a high cellulose content and BC-based fibre-
reinforced composites show potential ability for implant replacement of real 
tissues. By controlling the fraction of constituents, the overall properties can be 
optimized for different applications. Still, because of the absence of bio-activity, 
they cannot be used in some specific applications, such as muscle implants. 
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2.3.3. Scaffold material for tissue regeneration 
BC hydrogels demonstrate ideal biocompatibility, which implies that it can 
engage appropriately with neighbour tissues or even smaller-size units of host 
cells [4]. Based on that, researchers attempted to develop respective 
applications of BC hydrogels in tissue engineering, e.g. a scaffold material for in 
vitro tissue regeneration.  
From a structural point of view, BC hydrogels can be generally regarded as a 
fibrous scaffold absorbing a large content of interstitial water (~99 vol%). The 
cellulose fibre-network acts as mechanical support to create a new ‘house’ for 
cells’ living. Its high porosity ratio is perfect for cells’ activities, such as living, 
differentiation and growth [43]. It is easy to understand that the interconnected 
porous structure is ideal for nutrition supplying, interaction of cells and transition 
of bio-information. Moreover, the scaffold could transmit mechanical 
stimulations to construct loading conditions similar to the environment that cells 
experience in a human body, so that to excite their differentiation and growth in 
order to increase cell density [8].  
From a mechanical point of view, cellulose fibres with well-known significantly 
higher stiffness than that of collagen fibres could provide mechanical 
reinforcement. By controlling the content of cellulose fibres, this mechanical 
reinforcement could optimize mechanical properties of a regenerated tissue [11] 
(BC fibres have a similar chemical structure with cellulose fibres, so they are 
assumed to have similar mechanical properties; the level of stiffness of BC 
fibres will be discussed in the next chapter). 
Regarding the size of pores in the natural state of BC hydrogels, it is insufficient 
to allow the penetration and migration of cells within the material, limiting the 
applications as a scaffold material for tissue regeneration. To overcome this 
shortcoming, Bäckdahl et al. [44, 45] developed a method to biosynthesize a 
porous BC scaffold. As shown in Fig. 2.7, they included some porogen into a 
fermentation process, while the BC hydrogel was synthesized by bacteria. 
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Porogen acted as a space-holder during biosynthesis, then, large pores were 
formed by removing these porogen. They successfully seed smooth muscle 
cells into such porous BC to, in turn, interact with the scaffold, regenerating 
muscle in vitro (Fig. 2.8). The same technique was also used by Zaborowska et 
al. [46], who used paraffin wax microspheres 300–500 μm in diameter as 
porogen to prepare microporous BC and regenerate bone tissue (Fig. 2.9).  
Hence, a porous BC scaffold is qualified for the use in tissue regeneration. By 
controlling the size and density of porogen, a porous BC scaffold can be tuned 
to act as an adaptive environment for seeding various types of cells. Whereas, 
allowing the formation of pores, the reduction of cellulose content caused by 
them will lead to the decrease in overall effective mechanical properties of a 
regenerated tissue.  
 
Figure 2-7: Schematic of fermentation process to produce porous BC hydrogel [45] 
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Figure 2-8: (a) and (b) Micromorphology of porous BC hydrogel scaffold; (c) and (d) 
confocal-microscopy images of muscle cells seeded on scaffolds [44, 45] 
 
Figure 2-9: (a) Micromorphology of porous BC hydrogel; (b) scaffold setup; (c) and (d) 
confocal microscopy images of osteoprogenitor cells seeded on scaffolds [46] 
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The motivation to regenerate tissue in vitro is to use the artificial tissues to 
replace some damaged real tissues in surgical practices. BC hydrogels have 
been successfully implemented as artificial vascular implants for carotid artery 
in rats for 1 year and pigs for three month [47]. While, even BC hydrogels 
demonstrate excellent biocompatibility, they are still foreign materials so that 
they are better to be decomposed after a period time when implementation. Due 
to a lack of enzyme to decompose 𝛽 − 1,4  glycoside bond, BC is non-
biodegradable; while, some researches attempted to treat BC hydrogels making 
them biodegradable, such as treatment of periodate oxidation [48]. 
2.4.  Mechanics of bacterial cellulose hydrogel 
2.4.1. Introduction 
Dual-phase complex architecture of the BC hydrogel results in its unique 
mechanical properties. In fact, not all the properties are strongly related to, and 
benefit from, potential applications; still, there is a need to fully characterise its 
mechanical behaviour. The mechanical properties are usually defined in terms 
of moduli, determined from the stress-strain relationships. In this section, a 
stress-strain relationship is firstly introduced, followed by mechanical properties 
of BC hydrogels, including anisotropic, elastic, plastic and viscoelastic ones. 
2.4.2. Non-linear stress-strain relationship 
Mechanical properties of a material are generally revealed in a specific stress-
strain relationship. Hence, in order to characterise overall mechanical properties 
of the BC hydrogel, understanding of the stress-strain relationship is of 
importance. A common way to identify the stress-strain relationship is to 
perform a cyclic uniaxial tensile or compressive test.  
Figure 2.10 shows four typical type of stress-strain relationships. In a case of 
elastic response the loading and unloading curves almost overlap, and the 
material returns to its initial state after removal of external loading. If the 
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deformation constantly increases beyond a certain point, yielding permanent 
deformation that can cause residual stresses, the materials has an elastic-
plastic response. On the other hand, viscosity of a material acts as a damper 
causing an energy loss, equal to the area between the loading and unloading 
curves in a stress-strain diagram. The viscous-elastic-plastic material shows 
time-dependent behaviour with the presence of plastic deformation. As a 
special case, hyperelastic materials demonstrate non-linear elastic behaviour, 
ideally without any plastic response.  
 
Figure 2-10: Schematic illustration of four typical types of stress-strain relationship 
(modified from [49]). 
For the case of cellulose-based materials, it was demonstrated that tensile 
behaviour was characterized by an initial elastic region followed by a plastic 
region with a transition point indicating structural changes [50, 51, 52, 53]. 
Under uniaxial tension, BC hydrogels show non-linear stress-strain relationship 
[54], see Fig. 2.11a. It could be generally regarded as a three-stage curve – an 
initial linear region, a non-linear region and a linear region. Under compression, 
 
CHAPTER 2  
Bacterial Cellulose Hydrogel 
~ 26 ~ 
 
it also shows a non-linear stress-strain relationship with a sharp increase after 
40% strain [55], see Fig. 2.11b.  
 
Figure 2-11: Typical non-linear stress-strain relationship of BC hydrogel under tension 
(a) (modified from [54]) and compression (b) (modified from [55]) 
 
2.4.3. Anisotropic properties 
If material’s properties vary with direction, it is called anisotropic; if its properties 
are the same in a cross section, it is called transversely isotropic; if its 
properties are directionally independent, it is called isotropic. The multi-layer 
structure of fibrous network of BC hydrogel could be considered as an inclusion 
embedded into an isotropic matrix of water. The result of having such a multi-
layer structure of the BC hydrogel is that its mechanical properties in and 
perpendicular to the layer plane are different. Under static-culture conditions, 
the BC fibres are randomly distributed in the plane of the fibrous layer. 
Therefore, from a structural point of view, the BC hydrogel is a transversely 
isotropic material.  
Considering a two-layer network, the in-plane compressive behaviour is trivial, 
as well as the through-thickness tensile behaviour. Also, they are usually not 
interested from the point of view of potential applications. So, in-plane tensile 
and through-thickness compressive properties can be found in literature, as 
shown in Fig. 2.12. Due to the non-linear stress-strain relationship, discussed 
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previously, stiffness of the BC hydrogel increases along with the increasing 
strain, coinciding with the results obtained by Lopez-Sanchez et al. [56].  In 
contrast to the well-known definition of the Young’s modulus, the one in Fig. 
2.12 was represented by the instantaneous tangent modulus at some strain 
values, since the microstructural changes extremely under external loading, 
which will be discussed in detail in the next chapter.  
 
Figure 2-12: Dependence of radial tensile modulus and axial compressive modulus on 
strain (modified from [56]) 
 
2.4.4. Elastic properties  
The elastic property of a material is assumed to be the capacity to recover its 
initial state after removal of loading. A set of elastic constants, including an 
elastic modulus (Young’s modulus), a shear modulus, the Poisson’s ratio, is 
used to define material’s elastic properties. According to Hooke’s law, for linear-
elastic material, strain   is proportionally induced by applied stress  , and in 
one-dimensional case, the constant of Young’s modulus E  is presented by 


E  .                                                      (2.1) 
In three-dimensional case, materials are undergoing six stresses – three normal 
stresses and three shear stresses. Hence, a forth order stiffness tensor ijklC  
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with eighty-one components can be used to define elastic properties of 
materials, represented by 
)3,2,1,,,(,  lkjiC klijklij  .                                                 (2.2) 
Due to major and minor symmetries, twenty-one elastic constants of a full 
stiffness matrix are necessary to define an anisotropic material. Since the BC 
hydrogel is a transversely isotropic material from structural perspective, five 
elastic constants (two Young’s moduli, two Poisson’ ratios and one shear 
modulus) are sufficient to describe its elastic behaviour. Generally, the most 
common way to experimentally determine the elastic properties is to perform 
uniaxial tensile and compressive tests.  
Young’s modulus: The Young’s modulus is the most common elastic constant, 
expressed by the slope at a point in the linear region of the stress-strain curve 
obtained in a tension or compression test. Unlike conventional engineering 
material, as discussed above, no obvious purely elastic region can be found in 
the stress-strain curve of BC hydrogel (Fig. 2.11), and its modulus is a strain-
dependence value (Fig. 2.12). For other fibre-reinforced bio-tissues, such as 
tendon, it was shown that after a non-linear low-stiffness toe-region, the 
tendon’s behaviour is a linear relationship between induced stress and resulting 
strain. The slope of this linear region is usually regarded as the Young’s 
modulus of tendon. Moreover, when it is necessary to compare the elastic 
behaviours of the toe-region and the transition region to that of the linear region, 
the toe modulus, transition modulus and linear modulus are usually used [57]. 
Tab. 2.3 shows the characterized Young’s modulus of BC hydrogels under 
uniaxial tension from literature. Generally, the Young’s modulus falls into a 
range from 1 to 10 MPa. There is no value of Young’s modulus under 
compression documented. Also, the authors in literature did not describe the 
definition of the documented Young’s modulus.  
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Table 2.3: Young’s modulus of BC hydrogel under uniaxial tension in transverse plane 
Young’s modulus (MPa) References 
4.03 ± 0.15 [32] 
9.94 ± 1.85 [58] 
2.90 ± N/A [54] 
0.59 ± 0.12 [44] 
6.3 ± 0.3 [48] 
 
Poisson’s ratio: The Poisson’s ratio is the ratio of contraction in transverse 
direction, to expansion in loading direction. For an isotropic material, the 
Poisson’s ratios of most materials are ranging from 0 to 0.5, and a part of 
materials have Poisson’s ratios below 0 (e.g., polymer foams). BC hydrogel has 
a large content of free water that can be squeezed out under external loading. 
Due to exudation of fluid during a loading process, the Poisson’s ratio could be 
larger than the isotropic limit of 0.5, relating to the large-Poisson’s-ratio 
phenomenon [59]. To the author’s knowledge, very few studies involved 
measurement of the Poisson’s ratio of BC hydrogel.  
Shear modulus: The shear modulus is another elastic constant in the stiffness 
matrix. It is the ratio of the induced stress induced by shear loading to the 
resulting shear strain. There are no experimentally measured values of BC 
shear modulus found in literature for either longitudinal or transverse direction.  
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2.4.5. Glass transition temperature 
For amorphous polymeric materials, their mechanical behaviour is strongly 
related with the temperature. Along with increased temperature, it shows a 
transition from brittle materials to rubber-like materials and finally to liquid-like 
viscous materials. For engineering uses, glass transition temperature (GTT) for 
a material, which defines the temperature from brittle to rubber-like, is often 
documented. Currently, there is no value of GTT for BC hydrogel; while, it 
stated that the GTT of cellulose would decrease along with increase of water 
content of cellulose [60]. From Fig. 2.13, fibres of the studied BC hydrogel are 
considering demonstrating rubber-like behaviour. 
 
Figure 2-13: Glass transition temperature of cellulose decreases along with increase of 
water content of cellulose [60] 
2.4.6. Hyperelastic behaviour 
The BC hydrogel demonstrates non-linear elastic response with a material 
stiffening process (Fig. 2.12), implying that linear-elastic theory is not satisfied. 
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A suitable model to describe a non-linear elastic behaviour is hyperelastic one, 
which shows typical rubber-like behaviour without viscous and plastic 
responses. Currently, the most widely used model is Mooney-Rivlin and Ogden 
model, implemented in most commercial finite element softwares. 
 Mooney-Rivlin model  
The Mooney-Rivlin model is widely used to define large deformation behaviour 
of rubber-like material. The strain energy can be expressed as:  

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where JIC  is the empirically determined material constant and mD  is material 
constants related to the volumetric response, J  is the determinant of 
deformation gradient, 
1 2 and 3 are the principal stretch For the hyperelastic 
compressible model, the polynomial parameter N is set to 1 and C11=0, M=1 
[61], and the model can be expressed as  
2
120111021 )1()3()3(),(  JDICICIIW ,  (2.4) 
where C10, C01 and D1 and are material related coefficients. When material is 
incompressible, D1  equal to zero. 
 Ogden model  
The Ogden model is sensitive and effective to describe hyperelastic behaviour 
of complex material, such as biological tissue. The strain-energy density 
function represented in terms of the principal stretches  
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where ,N p and p  are material constants. Normally, the Ogden model with 
3N demonstrates sufficient accuracy to describe hyperelastic behaviour of 
materials. 
 
2.4.7. Plastic properties  
Plastic properties describe a state of a specific material when it would not 
recover to its initial geometry after removal of applied forces. Theoretically, in an 
ideal brittle material, the increase of surface energy is equivalent to the energy 
used to spread the crack, and the fracture toughness is equal to the energy to 
create a new surface; therefore, there is no plastic deformation, and when 
unloading occurs before fracture initiation, the material returns to its initial state. 
Still, plastic behaviour is present in most materials even in glasses. It can be 
caused by various events, such as movement of dislocations at the molecular 
level in metals [62], tiny cracks at microscopic level in a hard tissue of bones [63] 
and reorientation of fibres in polymeric material [64]. Generally, the elastic-
plastic behaviour exhibits an elastic limit, so called yield point, beyond which the 
plastic deformation occurs until an ultimate point, at which material’s rapture 
occurs. So, usually, the yield and ultimate point are used to define plastic 
properties of a material. In general, cyclic tensile and compressive tests are the 
effective way to investigate plastic properties, as well as plastic behaviour, 
including the yield point, plastic deformation, reversibility and ultimate point. 
So far, there is no study systematically investigating the deformation behaviour 
of BC hydrogel, including elastic-plastic or inelastic behaviour. In contrast to the 
non-linear response of hyperelastic material; reorientation of fibres in it causes 
permanent deformation [64]. Frensemeier et al. [65] reported that the release of 
water is a critical deformation mechanism, regarding it as one of the main 
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events to cause plastic deformation. Due to the lack of data in literature on the 
yielding point, distinguishing the elastic and plastic regions of BC hydrogels, it is 
assumed that BC demonstrates inelastic behaviour. Still, the data on cyclic 
loading test and microstructural changes in literature are insufficient to support 
the assumption.  
The elastic-plastic behaviour of non-woven material was largely documented 
[66, 67, 68]; whereas, for a more complex system of dual phase bio-non-woven 
materials, such as BC hydrogels, inelastic behaviour has not been adequately 
investigated. This might lead to misunderstanding of mechanical performance; 
additionally, due to the complexity of loading conditions in human body, inelastic 
behaviour is required for confirming the reversibility of BC hydrogel. Fortunately, 
some values of ultimate stress and strain can be found in literature (Tab. 2.4), 
providing a reference to the range of the ultimate point: the ultimate stress is 
approximately ~2 MPa with strain of ~30%.  
 
Table 2.4: Ultimate stress and strain of BC hydrogel under uniaxial tension 
Ultimate stress (MPa) Ultimate strain (%) References 
1.53 ± 0.23 26.00 ± 1.73 [32] 
2.22 ± 0.44 27.74 ± 4.48 [58] 
2.20 ± N/A 21.00 ± N/A [54] 
0.16 ± N/A 76.80 ± N/A [44] 
0.6 ± 0.02 11.8 ± 0.6 [48] 
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2.4.8. Viscoelastic properties 
Viscoelastic behaviour describes a specific material, with both viscous and 
elastic behaviours when undergoing deformation. In fact, most dual-phase 
materials, such as soft biomaterials, exhibit viscoelastic behaviour since their 
liquid phase mainly contributes in viscous behaviour. The viscoelastic behaviour 
of biomaterials is of importance for understanding the deformation distribution 
with time under loading.   
The matrix of BC hydrogel - water - is usually employed as the damper in load 
bearing; therefore, BC hydrogel demonstrates the viscoelastic behaviour. Since 
BC can be employed in complex loading conditions of human-body environment, 
it is extremely important to understand its viscoelastic behaviour under 
applications-relevant conditions. Generally, to understand viscoelastic 
behaviour, there are several types of experiments – creep, stress relaxation, 
strain-rate dependent behaviour, hysteresis, etc., among which creep and 
stress-relaxation tests are the most common ones.  
 Creep and stress relaxation behaviour 
The creep and stress-relaxation phenomena are the important forms of 
viscoelastic behaviour, characterising by respective tests. These behaviours are 
presented in Fig. 2.14: 
1. If the stress (loading) increases linearly and is then held constant, the strain 
will increase nonlinearly and then keep increasing with increasing time 
(creep). 
2. If the strain (displacement) increases linearly and is then held constant, the 
stress will increase nonlinearly and then decrease with increasing time 
(relaxation). 
Brown et al. [25, 42] characterized the elastic and viscoelastic properties of a 
BC fibre-reinforced bio-composite with tensile and cyclic creep tests, 
demonstrating its potential as artificial blood-vessel implant. Nimeskern et al. 
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[41] evaluated viscoelastic properties of BC with various cellulose contents by 
stress-relaxation indentation and compared them with properties of ear cartilage. 
It was demonstrated that BC could be used as ear cartilage replacement. 
Although some studies were devoted to investigation of the creep and 
relaxation behaviours of BC, or BC-based materials, they were not fully 
understood, since (i) accompanied structural changes were not observed; (ii) 
from its non-linear stress-strain relationship, the mechanical behaviour of BC 
hydrogel is assumed to be stress-dependent, however, the creep and stress-
relaxation behaviours at various stress and strain levels are still not obtained.  
 
Figure 2-14: Illustration of (a) creep response; (b) stress relaxation response 
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 Strain-rate dependent behaviour 
Strain-rate dependent behaviour is a typical time-dependent behaviour caused 
by viscoelasticity. For instance, tendon is more deformable and absorbs more 
energy at low strain rate, but is less effective in transmitting forces; while at high 
strain rates, tendon becomes less deformable with high stiffness and is more 
effective in transferring mechanical loads [70].  
One of the effective parameter to describe strain-rate dependent behaviour is 
strain-rate sensitivity. From the early study by Alder and Philips, who found that 
the yield stress is related to the strain rate, and according to the definition of 
strain-rate sensitivity, at fixed strain, stress is represented by [71]:  
𝜎 =
𝐹
𝐴
= 𝐾𝜀̇𝑚,  (2.6) 
where 𝐹 is the applied force, 𝐴 is the cross-sectional area of the specimen, 𝐾 is 
the constant, 𝜀̇ is the strain rate, 𝑚 is the strain-rate sensitivity coefficient.  
The understanding of the strain-rate-dependent behaviour is extremely 
important for biomaterials due to complicated loading conditions in-vivo. 
Generally, most materials demonstrate strain-rate hardening with positive 𝑚, 
which means that materials exhibit higher stress with the increased strain rate 
at a fixed strain value because of limited relaxation at higher strain rates [72]. 
The strain-rate effect on materials’ performance was documented widely, for 
instance, the tensile strength and ductility of textile-reinforced concrete 
increased and decreased, respectively, at high strain rates [73]. Young’s 
modulus values of a polymeric material increased with an increased strain rate 
[74]; but very few studies investigated the strain-rate dependence of hydrogels, 
especially BC hydrogel. 
 Hysteresis 
Hysteresis is typical viscoelastic behaviour during loading and unloading 
process, describing energy dissipation. In loading-unloading loop, hysteresis 
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energy is indicated by the area between the loading and unloading curves (Fig. 
2.15). Usually, the hysteresis rate H  is used to define the hysteresis behaviour, 
represented by the ratio between hysteresis energy and loading strain energy 
[15]. Accordingly, the hysteresis rate can be expressed as:  
    
 
 

t
t
dttW
dttWtW
Hysteresis
loading
unloadingloading


0
0 ,  (2.7) 
where t  is the strain value at time t ,  tWloading  and  tWunloading  are loading and 
unloading strain energy function, respectively. 
 
Figure 2-15: Schematic diagram of loading-unloading loop 
 
2.5. Summary 
BC hydrogels are produced in a process of primary metabolism of some 
bacteria. Structurally, it shows randomly distributed nanofibres in fibrous plane 
and a small group of cross-links to interconnect fibrous layers, as a result, 
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forming a multi-layered fibrous network with a large content of interstitial water 
to form a hydrogel. From a structural point of view, it is a transversely isotropic 
material, and some studies in literature investigated its in-plane tensile 
behaviour and out-of-plane compressive behaviour; whereas, due to a lack of 
information to standardize sample preparation, testing method, data analysis 
method and definition of mechanical moduli, the obtained results in literature 
can cover a large range both in in-plane tension and out-of-plane compression. 
Therefore, this is necessary to be completed in this thesis. 
Elastic behaviour of BC hydrogels were studied in literature; while, plastic 
behaviour has never be documented. Also, whether BC hydrogels demonstrate 
elastic-plastic behaviour or inelastic behaviour is still unexplored. Therefore, 
cyclic testing to determine yield point and microstructure changes in a process 
of deformation to study deformation mechanisms are necessary to be 
completed in this thesis. 
BC hydrogels have been found various potential applications in biomedical 
fields; thus, they are expected to employ in a very complicate loading 
environment of human body. Hence, considering BC hydrogels would be a 
viscoelastic material due to viscous contribution from its liquid content, 
understanding time-dependent behaviour is of vital importance; still, very few 
studies involved it. Hence, creep and stress relaxation behaviour as well as 
strain-rate-dependent behaviour are suggested to be fully understood in this 
thesis.  
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CHAPTER 3 
3. Micromechanics of Bacterial 
Cellulose Hydrogel 
 
 
3.1. Introduction 
Conventional macroscopic mechanical tests allow us to characterise standard 
mechanical properties of BC hydrogels. At macroscopic level, BC hydrogels are 
treated as a continuous material; thus, mechanical properties are calculated 
with a conventional method from a stress-strain relationship. In fact, BC 
hydrogels are discontinuous material rather than a solid; it is more like a multi-
layer non-woven structure. Hence, a comprehensive understanding of 
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micromechanics of BC hydrogels is even more important than investigating its 
mechanical properties at macroscopic level.  
A fundamental understanding of microstructure-property relationship is often 
involved in micromechanics of materials. Considering a size of the BC nanofibre 
and aqueous environment, some optical methods (e.g. digital image correlation) 
are not effective to observe microstructural changes in the process of 
deformation. So, a finite-element (FE) method becomes a feasible approach to 
understand micromechanics of BC hydrogels. The basis of certain hypothesis, 
providing in-depth information on spatial and temporal realisation of processes 
(e.g. fibre reorientation, strain and stress distribution, crack initiation and 
propagation, etc.), is used for understanding of micromechanics of the BC 
hydrogel. A FE model is typically developed in terms of material properties, 
geometries of constituent microstructure, etc. Therefore, capability of a FE 
model depends on how accurately material properties and model geometries 
reflecting those of a real material. Measurements of mechanical properties of 
BC nanofibres and identification of deformation mechanisms are thereby 
becoming crucial for development of a discontinuous FE model of the BC 
hydrogel.   
This chapter is divided into three main sections: a literature review of properties 
of nanofibre, an effect of microstructure on a global response (microstructure-
property relationship) and a brief introduction into currently developed FE 
models of fibrous networks in literature.  
 
3.2. Properties of BC nanofibres 
3.2.1.  Introduction 
As the major input of micromechanical modelling, it is necessary to measure 
mechanical properties of BC nanofibres. Generally, a macroscopic tensile test is 
capable to characterise mechanical properties of fibres with diameters larger 
than 10 𝜇𝑚 [76]; still, such testing system is technically challenging  for the 
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mechanical characterisation of nanofibres with diameter less than 100 𝑛𝑚 due 
to (i) difficulty in preparation of a long single-standard nanofibre; (ii) 
manipulating ultrafine fibres; (iii) insufficient sensitivity and resolution of force 
and deformation measurements [77]. Thus, several advanced nanotechnologies 
were developed recently to deal with this matter, such as atomic-force-
microscopy (AFM) -based tests [77], Raman spectroscopy [78] and some other 
custom-made characterisations systems.  
This section aims at introducing these advanced nanotechnologies used to 
measure mechanical properties of nanofibres (not only BC nanofibres), and the 
current documented properties of BC nanofibres obtained with various 
techniques.  
 
3.2.2.  Measurement of elastic properties of nanofibre 
To date, several techniques were intensively used for mechanical 
characterisation of fibres, such as tensile, bending, indentation, etc. [77]. 
Considering dimensions of nanofibres, AFM-based tests, such as nano-tension 
[79], nano-bending [80, 81], nanoindentation [82] were used alongside other 
custom-made nano-testing-systems [83, 84]. 
 AFM-based nano-testing 
In the last decade, AFM with a silicon tip was intensively used in mechanical 
characterisation of soft tissues due to its high-resolution force and displacement 
measurements. Also, the AFM-based tests are frequently employed to 
determine mechanical properties of nanofibres.  
AFM was initially designed for mapping surface features of materials at 
nanoscale. Also, electron microscopy could provide observations at micro- or 
even nanoscale; the shortcomings of SEM are its basic requirements for 
implementation of observations, such as vacuum testing condition and 
conductivity of observed materials. For some special cases, such as in-aqua 
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observations and non-conductive materials, SEM is not as effective as AFM. 
The most obvious difference between SEM and AFM is their principles: 
electronic-based and mechanical-based, respectively. As shown in Fig. 3.1, the 
major components of AFM are a cantilever, a laser beam, an array of 
photodiodes and a computing system. When the AFM cantilever contacts a 
sample, its deflection is measured by using a laser signal reflected into an array 
of photodiodes; the force, causing deflection, could then be calculated 
according to the Hooke’s law. Based on this principle, AFM is capable not only 
to map surface features but also to characterise mechanical properties at 
nanoscale. 
 
Figure 3-1: Schematic diagram of atomic force microscope 
 
i. Nano-tensile tests 
Following a macro-tensile standard [85], nano-tension allows testing of a 
nanofibre until its failure. Like macro-tensile tests, slipping and griping effects 
(breaking at grips) should be prevented. Owing to the extremely small size of 
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nanofibres, one of the challenges in nano-tensile tests is a griping method since 
conventional grips (macro-tensile tests) are ineffective [85]; another challenge is 
to avoid misalignment between a fibre axis and a loading direction, since it 
would lead to premature failure caused by an unexpected bending moment [85].   
As one example of the gripping method, an electron beam provides electron 
impact-induced dissociation acting as glue for attachment of nanotubes to an 
AFM tip [86]. This griping method is easy to apply for nanotube without damage 
by the electron beam but it is not suitable for many polymer nanofibres [77] 
since this technique requires a conductive nanofibre. Alternatively, Huang et al. 
[87] used epoxy glue placed on the probe of the AFM cantilever to attach a 
nanofibre (Fig. 3.2a). Observation demonstrates no slippage and gripping 
effects in this case (Fig. 3.2b). Another end of the nanofibre was glued in a 
positioner vertical to the AFM probe to ensure that the fibre axis was parallel to 
the loading direction (Fig. 3.2c). Tan et al. [79] manufactured a wooden frame to 
mount two parallel strings in order to obtain aligned fibres (Fig. 3.3a), and then 
masking tapes were used to collect them (Fig. 3.3b); eventually, fibre ends were 
fixed at the AFM set-up with superglue.  
It is worth noticing that alignment of the specimen along the loading direction is 
visible with a naked eye in macro-tensile testing; however, for nano-tension, 
even optical microscopy is insufficient to provide the direct observation. Due to 
that, such techniques rely not only on a specific AFM-cantilever set-up but also 
an in-situ system with scanning electron microscopy for localization – ensuring 
correct alignment and verification of sample failure. Like macro-tensile tests, the 
elastic properties of nanofibre are calculated from the uniaxial force-
displacement relations; therefore, the reliability of the obtained properties 
depends on the accuracy of the force and displacement measurements.  
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Figure 3-2: (a) Nanofibre glued to probe of AFM cantilever to perform nano-tensile test 
until failure (b) with in situ AFM-based set-up (c) (modified from [87]). 
 
Figure 3-3: (a) Nanofibres placed on wooden frame (b) glued by masking tapes for 
nano-tensile tests [79]. 
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ii. Three-point-bending nano-tests 
The results from tensile nano-test are relatively reliable since they almost follow 
the same testing standard as a macroscopic counterpart; while shortcomings of 
this technique are also obvious; they are time consuming and difficult to 
implement.  Thus, a more applicable AFM-based testing – a three-point-bending 
nano-test (Fig. 3.4a) – was developed. Comparing with tensile nano-test, 
sample preparation, a griping method and localization are more convenient. 
Single fibres do not have to be isolated from macro-specimen, instead, they 
could be randomly placed on a micro-platform with parallel grooves (Fig. 3.4b). 
Likewise, it is not necessary to treat the AFM cantilever with any type of glue. 
Since most fibres have a nearly circular cross-section, the challenge of three-
point-bending nano-tests in manipulating is to position the AFM cantilever right 
above the fibre.   
In the case of three-points bending, the deflection of fibre )(x  at the point x  
where the force is applied (Fig. 3.4a) is presented by [88] 
3
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3
)( 


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
 

L
xLx
EI
F
x ,  (3.1) 
where F  is the applied force, L  is the length of a suspended beam, E  is the 
axial modulus, I  is the second area moment. For the AFM cantilever, the 
applied force has an expression according to the Hooke’s law: 
ykF  ,  (3.2) 
where k  and y  is the spring constant and the deflection of AFM cantilever, 
respectively. The vertical sample displacement z is substantially equal to the 
sum of y  and )(x ; and then, substituting equations (3.1) and (3.2), the 
sample’s displacement' is a function of deflection of AFM cantilever, expressed 
as:  
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Then, the axial modulus is the only unknown parameter in equation (3.3), and 
can be found by fitting the parameter using equation (3.4). 
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Figure 3-4: (a) Schematic diagram (a) and SEM image (b) of AFM-based three-point-
bending test [81] 
iii. Nano-indentation tests  
An indentation technique was originally developed to measure hardness of hard 
materials (Fig. 3.5); meanwhile, some researchers implemented this technique 
for measurement of nanofibre’s properties. Unlike tensile and three-point-
bending nano-tests, AFM-based nano-indentation tests could the measure 
Young’s modulus in the transverse plane rather than the axial modulus.  
A basis theory of the nano-indentation method depends on the Boussinesq 
solution for indentation of an elastic half-space with a rigid, axis-symmetric 
indenter suggested by Sneddon [89]. The relationship between sample’s elastic 
properties and contact stiffness can be expressed as: 
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where 𝑃 is the load, ℎ is the penetration depth, 𝐴𝑐 is the projected contact area 
of the indenter as function of depth, and 𝛽  is the empirical shape factor. 𝐸𝑟  
presents the reduced modulus, related to the Young’s modulus of the specimen, 
expressed as follows [90]: 
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where 𝐸  and 𝜈 are the elastic modulus and Poisson’s ratio of the specimen, 
respectively, and 𝐸𝑖 and 𝜈𝑖 are the respective parameters of the indenter. 
 
Figure 3-5: Schematic diagram (a) and AFM image (b) of AFM-based nano-indentation 
test [91] 
 Raman spectroscopy 
Raman spectroscopy employs the Raman effect, which occur when a laser 
beam with a certain wavelength interacts with specific chemical bonds. Raman 
spectroscopy was widely used in characterisation of polymers in recent years. 
The peak value in Raman spectra indicates a backbone of nanofibres 
corresponding to a certain type of chemical bonds. Therefore, one application of 
Raman spectroscopy is to identify orientation distribution of the network of 
nanofibres. The polarized laser beam could react with the bonds that have the 
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same orientation, and the intensity reflects the quantity of bonds along its 
orientation (Fig. 3.6a-b). Hence, the changes of normalized intensity are based 
upon the orientation distribution of nanofibres, as shown in Fig. 3.6c, uniform 
distribution of normalized intensity refers to random distribution of fibres, and 
normalized intensity with maximum value along the horizontal direction and 
minimum value along the vertical one represents alignment arrangement of 
nanofibres in the network. Also, the Young’s modulus of nanofibres can be 
measured with Raman spectroscopy based on the phenomenon that Raman 
band shifts are negatively correlated to the global strain induced by uniform 
stress (Fig. 3.6d), expressed as [92],  




d
d
E
d
d


,  (3.7) 
where   is the Raman band position.   
 
Figure 3-6: Polarized laser beam (a) could react with chemical bond in fibres that have 
the same orientation (b), as a result, normalized intensity reflects orientation 
distribution (c) of the fibrous network. (d) Raman band shifts happen under a global 
strain (modified from [78]). 
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 General comments on current technique 
AFM-based nano testing provides a direct measurement of mechanical moduli 
of nanofibres. They follow almost the same testing procedure as macroscopic 
mechanical testing; hence, the results are considering reliable. While, they are 
very expensive since an in situ system of AFM plus SEM is required; also, they 
are time consuming due to challenges in sample preparation and manipulating 
AFM system. Another issue is that in order to use SEM to locate nanofibres, 
they have to be conductive; thus, to use gold coat to make nanofibres 
conductive is necessary so that fibres cannot be fully hydrated. Consequently, 
the results obtained from AFM-based nano testing might not be the real 
stiffness of hydrogel nanofibres. Hydrated state would affect physical properties 
of nanofibres, such as glass transition temperature. Hence, current AFM-based 
nano testing might not be suitable for measurement of mechanical properties of 
nanofibres of BC hydrogels. 
Raman spectroscopy is on the basis of proportional relation between Raman 
band shift and applied stress. It provide a convenient method that no need to 
prepare single fibre specimen; while the testing procedure is time consuming 
since it requires at least 36 times scanning for one specimen at one strain state. 
Also, the high water content of BC hydrogels would affect results of Raman 
spectra. Consequently, current Raman spectroscopy might not support 
measurement of axial modulus of nanofibres of BC hydrogel. 
  
3.2.3.  Elastic properties of BC nanofibre 
From the structural point of view, a BC nanofibre is transversely isotropic with 5 
elastic constants, among which, the axial modulus is the most important one 
since the BC nanofibre is relatively long so that bending and torsion are 
negligible when undergoing deformations. Also, to study the network behaviour 
in numerical modelling, the axial modulus and the Poisson’s ratio with regard to 
the fibre’s axis are sufficient to define properties of long fibres for simplified 
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calculations. Hence, it is necessary to measure these two elastic constants with 
good accuracy.  
In an early study, Guhados et al. [88] measured elastic modulus by performing 
three-point-bending nano-tests using an AFM cantilever. To perform such tests, 
the challenging would be preparation of single standard nanofibre specimen. 
Different from the preparation of a single electrospun nanofibre (producing the 
single fibre directly), cellulose or BC single nanofibres are usually isolated from 
the macro-specimen. One documented method is to treat it with high-intensity 
ultrasonication [79]. In this method, a potential complication is that the 
mechanical properties of an isolated single fibre might deviate from those for a 
natural nanofibre; moreover, three-point-bending nano-test is not convenient to 
repeat for many times to get a reliable value. Additionally, their work is the only 
one to measure the axial modulus of BC nanofibres with AFM three-point-
bending up to now.   
To follow microdeformation of fibres undergoing external tension, the Raman 
spectroscopy technique was used to estimate the Young’s modulus of BC 
nanofibres [78, 93]. It provides direct measurement of properties of single 
nanofibres; still, they used a fully dried BC network instead of natural BC 
hydrogel since H-O-H chemical bonds in water molecules would significantly 
affect the resulting Raman spectra. Hence, the properties of dried BC 
nanofibres might be different from those of natural BC nanofibres surrounded 
with water molecules.  
Considering BC hydrogels as a general dual-phase material, the overall 
properties can be described in terms of the properties and volume fraction of 
each component and their interactions. Retegi et al. [94] evaluated 
microstructure-mechanical properties relationships of BC hydrogel. They used 
Krenchel-Cox network theories to calculate the elastic modulus. Still, the 
determined values are not fully adequate since they used dried BC rather than 
natural BC hydrogel.  
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A homogenization approximation is used to connect the effective properties with 
the contributions of each component accounting for a microstructure. In it, 
inclusions are considered surrounded by an infinite matrix. In a recent work, 
Josefsson et al. [95] used properties of nanofibres and a matrix to predict the 
effective elastic modulus of nanofibrillated cellulose employing the Mori–Tanaka 
scheme. The inverse of homogenization approximation could therefore be a 
reasonable analytical method to calibrate the properties of nanofibres. Also, the 
inverse process of parameter estimation in numerical modelling was developed 
and implemented in many cases [96]. Still, to the best of author’s knowledge, 
these two inverse processes were used in estimation of the axial modulus of BC 
nanofibres up to now. The documented values of the axial modulus of BC 
nanofibres from literature are summarized in Tab. 3.1. Apparently, the 
experimentally determined values fall within a large range, especially the values 
measured with different techniques. This complicates implementation of FE 
modelling.  
Regarding the Poisson’s ratio, Nakamura et al. [97] documented a value of 
0.297 by using X-ray diffractometry. Their result approaches the one for a 
cellulose fibre (0.3). Since BC chains have the same chemical structure as 
cellulose chain, the value of 0.297 is considered reliable.  
Table 3.1: Axial modulus of BC nanofibre obtained with various techniques 
Axial modulus, GPa Technique Reference 
78 ± 17 AFM three-point bending [88] 
114 Raman spectroscopy [93] 
79-88 Raman spectroscopy [78] 
28.2-31 Krenchel-Cox network theories [94] 
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3.3. Effect of microstructure on a global response 
3.3.1.  Introduction 
At macroscopic level, many materials could be regarded homogeneous with 
effective properties that each domain with same size contributed equally to the 
mechanical properties of materials. In fact, fibrous biomaterials demonstrate 
extremely complex microstructure so that the arrangement of fibres, such as 
orientation distribution, volume fraction, etc., is strongly associated with their 
global response. Hence, this section focuses microstructural effect on a global 
response of fibrous materials. 
 
3.3.2.  Fibre orientation distribution 
For most fibrous biomaterials, fibres with higher stiffness than an isotropic 
matrix could provide mechanical reinforcement. Some tissues, like muscles and 
tendons, demonstrate higher stiffness along their axis direction than in the 
transverse plane due to force transmission at functional level and collagen fibre 
arrangement at structural level. Another example (see Fig. 3.7) is an aortic 
valve that is much stiffer along its circumferential direction than its radial 
direction. The aortic valve is mainly composed of collage fibres imbedded into a 
soft matrix of elastin. Its high anisotropy is mainly thanks to parallel 
arrangement of collagen fibres along circumferential direction with some cross-
links of glycosaminoglycan acting as weak links to constrain collagen fibres 
along its radial direction [38] (Fig. 3.7b).  
From a typical tensile behaviour, some characteristic stages can be found: as 
shown in Figs. 3.7c-d, Anssari-Benam et al. [38] demonstrated that the softer 
constituent of elastin played the dominant role in load-bearing in the initial stage 
and defines the initial modulus; then, as a result of contribution of the gradual 
recruitment of fibres, the bulk tissue became stiffer with increasing strain; when 
the most effective volume fraction of the fibres was fully loaded, the tissue 
exhibited the linear modulus; finally, the micro-cracks led to the tissue failure.   
 
CHAPTER 3  
Micromechanics of Bacterial Cellulose Hydrogel 
~ 53 ~ 
 
 
Figure 3-7: Fibre-reinforced bio-composite of aortic valve (a), composed by collagen 
fibres arranged in parallel and isotropic matrix of elastin (b); typical tensile behaviour of 
aortic valve along circumferential (c) and radial direction (d) (modified from [38])  
In the case of a BC-based material, it was also found that fibre arrangement 
was strongly associated with mechanical behaviour. As shown in Fig. 3.8, cold 
drawing was used to control orientation distribution of BC fibres by applying 
various drawing rates (the parameter DR  in the figures describes the extent of 
fibre reorientation along the drawing direction, and 𝐷𝑅 = 1  corresponds to 
uniform orientation distribution). Subsequently, quasi-static tensile loading was 
applied along the drawing direction to BCs with various DR  values to 
investigate the effect of orientation distribution on tensile behaviour. The 
obtained stress-strain curves indicate that stiffness of fibrous materials depend 
on effective contribution of all fibres to loading [99]. 
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Figure 3-8: Specimens are stiffer with more fibres deflected to loading direction by cold 
drawing [99]. 
From both above examples, it is clear that fibre orientation is one of the key 
effects on a global response in relation with anisotropy of materials; meanwhile, 
the stress-strain curves in both cases demonstrated nonlinearity, suggesting the 
changing contribution of fibre-reorientation process during deformations.  
3.3.3.  Volume fraction 
For tissues with several constituents, a level of porosity and a volume fraction of 
each constituent were found to be of vital importance for overall effective 
properties, such as cortical bone tissue [100, 101], since the overall effective 
properties could be generally considered as a result of contribution of each 
constituent. BC hydrogels are, in general, a dual-phase composite consisting of 
a fibre network and water; additionally, the fibre network plays the main role in 
loading-bearing; thus, the volume fraction of BC fibres is strongly associated 
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with the global mechanical response. Retegi et al. [94] prepared BC films with 
various porosity by applying pressure to compact fibrous layers. They found that 
specimens with higher volume fractions of cellulose demonstrated higher 
strength and ultimate strain (Fig. 3.9a); also, the overall effective elastic 
modulus was proportional to volume fraction of cellulose (Fig. 3.9b). It is worth 
noticing that the loading-bearing capacity actually remains the same when 
simply squeezing water out of hydrogel since the cellulose content does not 
change.   
 
Figure 3-9: BC films with increasing volume fraction of cellulose show increasing 
strength and ultimate strain (a) and overall elastic modulus (b) [94].  
 
3.3.4.  Deformation mechanisms 
For some polymeric materials, like non-woven and hydrogels, fibres with 
curvature pattern are initially randomly distributed throughout materials. When 
an external tensile load applied on such polymeric materials, it would initially 
straighten fibres, and re-order the randomly distributed fibres towards loading 
direction， resulting in decrease of entropy of the whole system. At this stage, 
fibres are considering not carry any load, and the potential energy of the 
material would not change; hence, decrease of entropy contribute to bear load 
at initial loading state, introducing entropy elasticity [102]. When fibres started to 
carry load, Astley et al. [64] describing the significance of reorientation of 
cellulose microfibrils in tensile behaviour of BC and its composites. Likewise, 
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reorientation of cellulose nanowhiskers was found affecting tensile properties of 
agarose hydrogels in the work of Osorio-Madrazo et al. [103]. In the context of 
this issue, the relationship between orientation distribution of fibres and the 
overall tensile properties was investigated by Sehaqui et al. [99] using cold 
drawing to rearrange fibre distribution. The entanglement of microfibrils in 
structure-tensile behaviour relationship was discussed by Frensemeier et al. 
[65]; they also considered the effect of irreversible process of water squeezing 
during the tension. The failure of cross-links, which did not lead to crack 
propagation, was of importance for overall high ductility of the material, and 
substantially resulted in the release of potential energy and plastic deformation 
[50, 104].  
Due to external tension, fibrils reoriented along the loading direction and 
reorganized their positions [51, 52, 103, 105]. Frictional slippage between fibres 
could lead to an irreversible process of energy loss based on the balance of 
energy [51, 52]. In compressive behaviour, the content of cellulose was of 
significant importance for stiffness of the studied material [106, 94]. 
Frensemeier et al. [65] reported that the release of water was a critical 
deformation mechanism in compressive behaviour, regarding it as the main 
event responsible for plastic deformation. Although plastic deformation is 
considered to be a permanent irreversible process, a self-recovery 
phenomenon was reported by Yang et al. [104], confirming the critical role of 
reversible sacrificial hydrogen bonds played in deformation behaviour. 
 
3.4. Analytical modelling 
Characterisation of mechanical properties of materials is aimed to obtain 
standard mechanical properties in order to investigate mechanical behaviour 
under various conditions by means of mathematical modelling. Generally, two 
main types of mathematical modelling – analytical and numerical – are used for 
this. Analytical modelling is on the basis of certain formalism, providing explicit 
solutions in terms of material constants and boundary conditions.  
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A general method to correlate constituents’ properties with overall properties of 
the composite is a rule of mixtures, suggesting that overall properties of BC 
hydrogel along fibrous plane is presented by 
mfff EvEvE )1(  ,  (3.8) 
where  fv and fE  are the volume fraction and properties of BC fibres, and mE  is 
the properties of matrix (i.e. water). This is the simplest equation suitable for a 
single case that fibres should arrange in parallel to loading direction. As an 
example, the elastic modulus of BC films is linearly related to the cellulose 
content [94]. The tangent is assumed to be the elastic modulus of BC fibres; 
while, the calculated value is not reliable since the rule of mixtures does not 
account for arrangement of fibres, the effect of cross-links, interaction between 
constituents, etc., which contribute strongly to the overall properties.   
BC hydrogel could be generally regarded as a dual-phase material with 
inhomogeneity of the BC nanofibre network surrounded by the matrix of water. 
Then, homogenisation is therefore a feasible approach for heterogeneous 
material. In recent work, Josefsson et al. [95] used properties of nanofibre and 
matrix to predict the effective elastic modulus of nanofibrillated cellulose by 
means of homogenization approximation. The fibres act as the inclusions in the 
isotropic matrix of water, and the stiffness of each fibre contributes to the 
properties of material. The volume fraction represents the effective contribution 
of inhomogeneity of nanofibre. Regarding fibre as ellipsoidal shape with a high 
aspect ratio, the effective stiffness matrix of material could be expressed with a 
Maxwell scheme. It is linearized with respect to the interaction parameter: 
 
3.5. Finite-element modelling 
3.5.1.  Introduction  
Analytical modelling tends to work only for relatively simple models. In more 
realistic situations, mathematical equations become extremely complicated, in 
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many cases, so an analytical approach is ineffective or even impossible to 
provide expected solutions. For a differential equation that describes behaviour 
over time, a numerical method is an approximation approach that starts with the 
initial values of the variables, and then uses certain equations to assess the 
changes in these variables.  
Experimental stress-strain measurement can be obtained only for simple 
geometries and loading types (e.g., uniaxial loading of a rectangle). In addition, 
the stress and strain distributions within complex structured materials under 
arbitrary loading are inhomogeneous; however, these quantities can be 
considered homogeneous for small areas. Also, other behaviours such as 
fracture initiation and propagation are challenging and difficult to study 
experimentally. Hence, for fibrous networks, a numerical approach is required to 
study their response under a complex loading and geometrical conditions. In 
particular, the FE method could provide a generalized procedure to obtain the 
stress/strain response of a structure. In the FE method, an object is discretized 
into a group of small finite elements of material volume, for which the material 
properties are defined. The exact boundary conditions, initial conditions and 
loading conditions, including applied loading, fixed boundary and displacements, 
should also be defined for the studied problem. The FE method provides a 
systematic approach for assembling the response of a complex system from 
individual contributions of elements, and, thus, is ideal for complex geometries 
often encountered in biomechanical systems. It also provides a consistent way 
to address material inhomogeneities and differences in constitutive models 
between disjoint or continuous parts of a model. In the literature, a number of 
studies employed FE method to simulate a mechanical response of elastomeric 
fibrous biomaterials using experimentally obtained data and compared the 
results with the experimental ones. In order to get representative results, 
appropriate material models are extremely important. 
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3.5.2.  Network structure 
Not all the network structures of fibrous biomaterials have the same fibre 
arrangement; so, identification of an appropriate type of network structure is 
crucial, since different structures can lead to differences in a mechanical 
response. So far, the network structure could be generally categorized into 
regular and random. Since randomly distributed BC fibres construct the network 
structure, a random structure is only considering in this thesis. As shown in Fig. 
3.10, various schemes can be used to generate random netowrks: 
a. some random points start to walk along a random direction, and end 
walking when they meet existing fibres; and then, the ending points 
become new starting points. Hence, the number of cross-links is three; 
b. some fibres with certain lengths and random orientation are placed into a 
domain according to coordinates of a central point of fibres at random. In 
this case, the number of cross-link is four; 
c. some randomly distributed seeds are placed into a domain, and a fibrous 
network is then generated based upon Delaunay triangulation.   
 
Figure 3-10: Illustration of three types of random fibrous network: (a) random walking-
fibre network, (b) random placing-fibre network, (c) triangulation network [107] 
 
3.5.3.  Joint at intersections 
The nature of cross-links affects significantly a mechanical response of the 
network structure [107] since the degree of freedom at intersection is based 
upon the type of a joint. Figure 3.11 shows four types of joints:  
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a. a pin joint represents contact of fibres that is undergoing only friction 
during deformation; hence, no moment transmits at the pin joint;  
b. an actin cross-link is the joint with some actin-binding proteins that act as 
cross-links to reinforce the network; thus, fibres are not constrained at 
intersections; 
c. a rotating joint describes the behaviour of bending of two fibres at the 
joint caused by an applied force; in addition, rotating of each fibre-
segment is allowed at the rotating joint; 
d. a wielding joint corresponds to a case of a fully constrained joint so that 
an angle between each fibre-segment remains constant in the process of 
deformation. 
In a long-fibre system with fibres without branches contacting each other, such 
as BC hydrogel at natural state, pin joints dominate the behaviour at 
intersections. Actin cross-links are usually detected in the cellular cytoskeleton 
[108]. The actin-binding protein is more like branches to interconnect the 
backbones of collagen fibres. Since BC fibres are long without branches, the 
actin cross-link can be rarely found in BC hydrogel. During the fermentation 
process in synthesis of BC hydrogel, fibres are naturally interwoven; thus, it is 
assumed that some entanglements are easily formed in the process of 
stretching. Consequently, the rotating joint might be involved in the behaviour of 
stretched BC networks. The wielding joint, as discussed above, is irrelevant to 
the case of BC hydrogel.  
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Figure 3-11: Illustration of four types of cross-linking in fibrous network: (a) pin joint; (b) 
actin cross-link; (c) rotating joint; (d) wielding joint (modified from [107]) 
 
3.5.4.  Generation of model geometries  
As mentioned before, the capability of discontinuous fibrous model relies on the 
way that model geometries reflect the real material. Hence, it is of vital 
importance to generate the model geometries based on real fibre distribution. 
An effective method is to:  
 characterise the geometric features of fibre distribution;  
 develop a statistical description for the fibre distribution; 
 derivate the key geometric relationship for fibre distribution;  
 develop an algorithm to present the model geometries based on statistics 
of fibre distribution and geometric relationships.   
Obtaining high-quality SEM images of fibrous structure at various 
magnifications would simplify characterization of fibre distribution. Unlike AFM 
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mapping, outer fibre network from the background can be observed in SEM 
images, and this would complicate measurement of some important geometric 
features, such as density of intersection area, porosity ratio, etc. D’Amore et al. 
[109] suggested to  
 increase the contrast of images;  
 recognize the top fibre layer;  
 separate and remove the outer fibre network from the background.  
Some image analysis software allow us to characterise orientation, length and 
diameter of fibres; while most of them depend on human operator-based 
analysis. But objectivity is usually involved in human operation. So, an 
automated algorithm is desirable in solving this problem. In the work of D’Amore 
et al. [109, 110], an image analysis algorithm based on grey intensity was 
developed (Fig. 3.12a). To increase the tracking accuracy, original images were 
divided into a series of sub-domains with length equal to 10 times the averaged 
fibre diameter. The same technique was also implemented in the work of 
Demirci et al. [111]. The intersections were found uniformly distributed over the 
network. Hence, the first step of the algorithm to generate model geometries is 
to reproduce random intersections controlled by density of intersections; then, 
the position of generated intersections were modified based on fibre orientation 
distribution; finally, removing some isolated fibres in case of singularities [109] 
(Fig. 3.12b).  
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Figure 3-12: (a) Fibre orientation distribution of real material is automatically obtained 
by image processing; (b) obtained results are used to reproduce model geometries 
[109, 110]. 
 
Again, improvement in generating model geometries is always associated with 
more advanced algorithms needed to develop more realistic structures. For 
most fibrous biomaterials, fibres were generated with some curl rather than 
straight lines. To achieve curvature, a walk algorithm was introduced by 
Carleton et al. [112]. The idea is to divide fibres into several connected straight 
segments. A curvature angle between each two connected segments within a 
certain range was measured with an experimental method (Fig. 3.13); thus, an 
extent of curvature could be controlled by the range of the curvature angle. Also, 
the demand of computational cost needs to be considered since more elements 
are required to develop curved fibres with more segments. 
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Figure 3-13: To achieve curvature, fibres are treated as several fibre-segments 
controlled by curvature angle [112]. 
 
The triangulation network is an appropriate model for short-fibre systems with 
fibres connected at intersections; while for long-fibre systems that with naturally 
interweaved fibres, such as BC hydrogel, it may be suitable for some cases but 
the connected joints would stiffen the network since friction at intersection is 
much weaker than forces in connected joints. One of the studies to achieve 
generating long-fibre system is deposition [113]. As shown in Fig. 3.14, isolated 
fibres were generated in their own plane over a deposited surface, and then 
fibres were contacted at deposited surface by applying a force field. The 
procedure was implemented by means of simulation, and the final ID and 
geometric features of fibres were extracted to re-produce a long-fibre system in 
finite element software.   
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Figure 3-14: Illustration of deposition method to produce long-fibre system [113] 
 
3.5.5.  Representative volume element  
Geometry of a heterogeneous model should reflect a microstructure of a real 
material. To validate the model, it should have similar boundary conditions for 
the whole specimen. So, the model size is usually the same as that of the whole 
specimen. BC hydrogels are composed of BC fibres with various diameters but, 
generally, of the order of hundreds of nanometers, and fibres might interact with 
each other by entanglements or friction at intersections. Hence, even in a small 
volume of 1 mm × 1 mm × 1 mm, hundreds of millions of fibre-elements and 
intersections are required to account for a real material. Considering that 
intersections have three degrees of freedom, the computational cost becomes 
prohibitive.  
Generally, if microstructure is periodic at a certain length-scale, a repetitive part 
of it should have the same mechanical response as the whole specimen. Since 
each periodic element is the same, volume-averaged properties of the 
specimen will be retailed. In the case of fibrous biomaterials, randomness of 
fibres results in variation of properties at various length scales; thus, it is 
theoretically nearly impossible to find a periodic volume. The concept of 
homogenization states that the effect of random microstructure on global 
response would decrease with the increase in the size of specimens. So, when 
the size of the model is large enough, it is capable to represent behaviour of the 
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whole specimen, and the effect of randomness of fibres can be considered 
negligible. Still, if the model size is too large, the computational cost is not 
acceptable; hence, a compromise between the model size and expected results 
is desirable.  
One of the feasible approaches to solve this problem is to use a representative 
volume element (RVE). Since, according to definition, an RVE is the smallest 
volume to represent the response of the whole specimen, its properties are the 
same as those of the RVE. In the other words, the properties of a large volume 
become size-independent. Therefore, in order to reduce a computational cost, 
the effective way to identify the size of RVE is to increase the volume size until 
the properties of interest are size-independent.   
An example can be found in a 2-D random triangulation model developed by 
D’Amore et al. [110]. The network behaviour is sensitive to a model size at 
small length-scale up to 200 𝜇𝑚, and then the extent of sensitivity decreased 
dramatically with the increasing model size to 500 𝜇𝑚 (Fig. 3.15). It is worth 
noticing that, there is no obvious point to distinguish size-dependent and size-
independent.  
 
Figure 3-15: Behaviour of FE model is size-dependent [110]. 
In 3-D modelling, Liu et al. [114] developed a fibrous structure based on fibre 
orientation distribution of real material. They reported that effective mechanical 
properties decreased with the increased model size, and when the model size 
reached a normalized length parameter of 1.5, the properties became 
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insensitive to the model size (Fig. 3.16), implying that such model size was 
sufficient to represent the effective properties of the whole specimen.   
 
Figure 3-16: Convergence of properties of interest on the model size [114] 
One important criterion to use RVE is its property of representativeness, which 
means that its mechanical behaviour is repeatable. One effective way to verify 
whether it is representative is to compare the behaviour of different RVEs with 
the same size but different random microstructures.  
As mentioned above, a periodic volume element does not exist in most fibrous 
biomaterial; therefore, in real materials, a volume unit with a certain size has a 
unique microstructure with unique mechanical behaviour. Normally, behaviour 
of the whole specimen is the sum of the contribution of all its elements. Hence, 
the effective properties are considered equal to volume-averaged properties. 
One method to obtain the volume-averaged properties is to measure the 
objective properties of a series of RVEs, and then calculate the average value. 
It was stated [114] that the averaged properties trends to converge when the 
amount of numerical samples is large enough, assessed by a tendency of a 
relative error of mean value (REMV) and a relative standard deviation (RSD) 
(Fig. 3.17) with the following expressions:   
 
CHAPTER 3  
Micromechanics of Bacterial Cellulose Hydrogel 
~ 68 ~ 
 
n
Q
M
M
MM
REMV
n
i
i
n
n
nn






 1
1
1
%,100 , 
n
MQ
D
M
D
RSD
n
n
i
i
n
n
n
2
1
)(
,




, 
 
 
 
 
(3.9) 
where iQ  is the value of sample i , nM  and nD  are the mean and standard 
deviation of n  samples. The convergence of REMV and RSD demonstrates that 
the averaged properties of these RVEs represent the effective properties of the 
whole specimen.  
 
Figure 3-17: Convergence of REMV (a) and RSD (b) with total number of samples 
[114] 
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The results of FE model is not only model-size-dependent but also mesh-size-
dependent due to the nature of meshing process. The FE method treats a 
continuous material as an assembly of finite connected elements with a certain 
amount of degrees of freedom; in fact, real materials are composed of an 
infinite number of elements with an infinite number of degrees of freedom. 
Hence, a meshing process in the FE method theoretically increases constraints 
of elements, changing stiffness of modelled materials. So, the results from FE 
method are mesh-size-dependent; as shown in Fig. 3.18a, the level of stiffness 
reduces when increasing degrees of freedom (reducing mesh-size), and, 
concurrently, increasing a computational cost. So, mesh-convergence analysis 
is usually used to compromise the mesh-size-dependence and computational 
cost. Empirically, when the changes in quantities of interest are below 5%, the 
mesh size is fine enough, considering the problem to be mesh-size-independent 
(Fig. 3.18b).  
 
Figure 3-18: (a) FE results are mesh-size-dependent [115]. (b) Example of mesh-
convergence analysis [114] 
 
CHAPTER 3  
Micromechanics of Bacterial Cellulose Hydrogel 
~ 70 ~ 
 
3.5.6.  Periodic boundary conditions 
In some homogeneous materials, such as metals, atoms arrange regularly, so a 
periodic volume (PV) (some studies call it unit cell) can be used to approximate 
the global behaviour. Normally, a PV cannot be detected in fibrous biomaterials 
due to randomness of fibres; while a presumed PV can be developed in model 
by applying periodic boundary conditions (PBCs). It is assumed that a 
heterogeneous material could be regarded as assembly of a set of PVs (Fig. 
3.19). Each point r  located within the PV is repeatable in each PV; this can be 
expressed as [114] 
),,,(,  nmlnml cbar ,  (3.10) 
where l , m , n  are the integer numbers, and a , b , c  are the vectors 
corresponding to the edges of PV. The benefit of a use of the PBCs is their 
capacity to create a periodic volume representing the whole specimen; thus, to 
verify whether the presumed PV can describe a real microstructure is essential. 
Hence, the foremost step is to generate fibres based on real fibre distribution. In 
the RVE, it could be used to identify the smallest model size that can represent 
the global response, and thereby some studies applied PBCs involved in the 
process of RVE generation in order to understand micromechanics of fibrous 
materials [114, 112]. 
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Figure 3-19: Illustration of presumed periodic volume in fibrous materials (modified 
from [112]) 
To guarantee the periodicity of the model, an effective way to apply PBCs is to 
re-produce the fibre-segments, which located in neighbourhood, at the 
corresponding location in the PV, as shown in Fig. 3.20 (the dash line indicates 
fibre-segment in neighbourhood and solid line represents fibres in PV).  
 
Figure 3-20: Illustration of applying PBCs in model, moving dash-segment in 
neighbourhood to corresponding location in PV [114] 
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3.6. Summary 
BC hydrogels consist of a multi-layered fibrous network at microscopic level. To 
understand micromechanics of BC hydrogels, a microstructural FE model is 
essential to be developed. As a major input in FE model, stiffness of BC 
nanofibres has to be measured with a good accuracy. In literature, some nano 
testing techniques were implemented; while due to basic requirements of 
testing conditions, the obtained results might not be the real stiffness of 
nanofibres of BC hydrogels. 
Based on structural features, e.g. fibre orientation distribution, density of 
intersection, type of cross-links, some microstructural FE models were 
developed to introduce micromechanics of some fibrous materials. Considering 
size of nanofibres and computational cost, representative volume element and 
periodic boundary conditions are usually carried out to assess a small volume 
representing global behaviour in order to validate model with experimental 
results. So far, these techniques have not been implemented to study 
mechanics of BC hydrogels.  
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CHAPTER 4 
4. Experimental Methodology 
 
 
4.1. Introduction 
Owing to a fluid-circulation system of a human body, human tissues are 
exposed to specific conditions. Therefore, testing environment as well as 
sample preparation is of considerable importance. In in-vitro tests, mechanical 
properties of real tissues could be influenced by various factors, including a 
storage method, a hydrated state, a specimen’s size, testing temperature, a 
griping method of fixture and environment for keeping specimen alive. BC 
hydrogel could be considered as a candidate biomaterial for implants and 
scaffolds; hence, its mechanical properties under conditions similar to those of 
real tissues in vivo are an important feature for its potential applications, and 
 
CHAPTER 4  
Experimental Methodology 
~ 74 ~ 
 
need to be fully understood. Additionally, there are various methods to 
characterize material’s mechanical properties, and for a specific material or 
tissue, there are some specific conditions, to be considered.  
Considering that sample preparation procedure, testing equipment and methods 
to observe microstructure in each experimental chapter are quite similar, in 
order to avoid repetition, this chapter concludes the experimental methodology 
used in this thesis; and, since testing procedure, such as loading rate, end 
criterion, holding time, etc., for each type of mechanical testing is different, they 
will be introduced as ‘experimental procedure’ in each experimental chapters. .  
 
4.2. Sample preparation 
4.2.1. Synthesis of bacterial cellulose hydrogel  
The studied BC hydrogel is produced and provided by the College of Life 
Science and Technology, Huazhong University of Science and Technology, 
China [23]. Bacterial cellulose (BC) hydrogel, see (Fig. 4.1a-c), composed of a 
cellulose nano-fibre network and water, is an organic compound produced by 
certain types of bacteria. Gluconacetobacter xylinum (ATCC53582) was used 
for bio-synthesis of BC hydrogel for this study. The bacterium was cultured in a 
Hestrin and Schramm (HS) medium, which was composed of 2 wt% glucose, 
0.5 wt% yeast extract, 0.5 wt% peptone, 0.27 wt% disodium phosphate, and 
0.15 wt% citric acid. After incubating statically for 7 days at temperature of 30°C, 
resulting in thickness of BC hydrogel in a range from approximately 3 mm to 5 
mm, the samples of BC hydrogel were dipped into deionized (DI) water for 2 
days, and then steamed by boiling in a 1 wt% NaOH solution for 30 mins to 
eliminate bacteria and proteins. Afterwards, the samples of BC hydrogel were 
purified by washing in DI water until its pH value approached 7, and then were 
stored in DI water at 4°C.  
 
CHAPTER 4  
Experimental Methodology 
~ 75 ~ 
 
 
Figure 4-1: (a) Disk sample of hydrated bacterial cellulose hydrogel. (b) A SEM image 
(5000×) of BC hydrogel after freeze-drying shows a random distribution of cellulose 
fibres within a layer. (c) A multiple-layer structure has weak links between layers in a 
through-thickness direction. 
 
4.2.2. Sample cutting 
A prepared BC hydrogel sheet was cut using a custom die into various dog-
bone-shape specimens for tensile tests. Specimens’ dimensions are shown in 
Figure 4.2a; they were defined according to ASTM D638-10 standard [116]. The 
studied BC hydrogel is generally a bio-polymer composed of cellulose fibres 
and water, and ASTM D638-10 is suitable for polymer tensile testing. Using this 
standard for specimen preparation and testing provided the following 
advantages: 
i. Ensuring a uniform distribution of strains in a gauge length during 
testing, see Fig. 4.2b; 
ii. Avoiding a grip effect which can lead to a premature failure. 
A hollow punch with inner diameter of 20 mm was used to cut cylindrical 
specimens for compression test (Fig. 4.2a). A manual compression machine 
was used for providing a heavy impact loading for specimen cutting (Fig. 4.2c), 
and the procedure of sample cutting is that: 
i. A BC hydrogel sheet was laid on the cutting board. To avoid potential 
cracks, sample cutting must be finished within one cut. The cut 
specimen was still connected to the rest of the sheet with a number of 
fibres even if the cutting force was very high since the cellulose fibres 
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have a fine diameter of around 200 nm and the blade of the die 
cannot cut them. Hence, a cutting board was used for solving this 
problem and protecting the die. Apparently, the cutting board was 
also cut by the custom die during sample cutting. 
ii. The custom die was laid on the upper surface of BC hydrogel sheet. 
In order to economize the material, the custom die should be located 
at an appropriate position, so that (1) incomplete dog-bone 
specimens are avoided; (2) to obtain as many specimens as possible 
from a single sheet. 
iii. A metal plate was laid on the custom die to ensure a uniform force 
applied to the custom die. In addition, the metal plate was also used 
for protecting the custom die. 
iv. The compression machine was used to provide a heavy loading on 
the central part of the metal plate. 
Since BC hydrogel is produced by bacteria, its microstructure cannot be 
controlled, and, thus, microstructures as well as mechanical properties of 
individual specimens are influenced by the culture condition. Hence, in order to 
assess the anisotropic properties, specimens were obtained from the same 
sheet for two perpendicular directions, see Fig. 4.2e. It should be noticed that 
the difficulty of obtaining soft-tissue specimens necessitated a suitable sample-
preparation protocol so that a maximal usage could be achieved for available 
sheets; therefore, the dog-bone specimens used in other experiments were cut 
along the transverse direction.  
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Figure 4-2: (a) a custom die (top) based on dimensions from ASTM D638-10 standard 
(middle), and hollow punch (bottom); (b) comparison of strain distributions in gauge 
length during tensile testing for dog-bone-shape specimen and rectangular specimen; 
(c) cutting process of BC specimens; (d) BC sheet after cutting the specimens, showing 
some wood residue on bottom surface; (e) BC sheet after cutting specimens in two 
perpendicular directions to study BC anisotropy; (f) schematic diagram of radial, 
transverse and through-thickness directions. 
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A custom-made die was manufactured to cut specimens for biaxial tensile 
testing (Fig. 4.3a). The microstructural changes under biaxial load is more 
interesting rather than quantification of mechanical properties, hence, the 
specimens were cut into orthorgonal-cross-shape with a resonable central 
dimension of 15 mm × 15 mm in the study (Fig. 4.3c). The cutting process 
follows the same as the one in uniaxial tension and compression (Fig. 4.3b). 
 
Figure 4-3: (a) custom-made die for sample cutting; (b) cutting process by using a 
compression machine; (c) orthogonal-cross-shape specimen with central dimensions of 
15 mm × 15 mm 
 
4.2.3. Sample storage 
Wet BC hydrogel sheets were kept at 4°C before sample cutting in order to 
keep them fresh and avoid the pollution resulting from bacteria and fungi. Then, 
the sheet was stored in DI water at room temperature for a half day before 
sample cutting. As a result of sample cutting, some wood residue remained on 
the bottom surface of specimen, marked by red ellipses in Fig. 4.2d. Since the 
wood residue might lead to some pre-cracks and pollution, all the cut 
specimens were immersed into DI water for half an hour, and then cleaned 
using DI water. Also, before each mechanical test, all the specimens were 
incubated in DI water in order to keep their hydrated state; it has been reported 
that the mechanical properties of hydrogel are strongly influenced by their 
degree of swelling [117]. 
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4.3. Mechanical testing 
Basically, there are two main techniques to measure the stiffness of a material – 
mechanical testing and ultrasonic testing. Mechanical testing is relatively 
straightforward and widely used in the measurement of stiff materials; whereas, 
ultrasonic testing is possible to obtain all the stiffness coefficients. In the case of 
studied material of BC hydrogel, regarding the presence of high content of 
interstitial water, the results derived from ultrasonic tests are presumably not 
reliable; furthermore, ultrasonic test cannot take into account for the post-yield 
behaviour. Thereby, mechanical testing was used in this study. 
A testing machine (Instron 3366 Computerised Universal Testing Machine, 
Instron, USA) (Fig. 4.4a) provided a precise axial displacement to the BC 
specimens, which was submerged in liquid bath (Instron 3130-100 BioPuls Bath, 
Instron, USA) (Figs. 4.4b-c) and an Instron temperature controller was used for 
keeping the temperature constant at 37.0 ±1.0°C during testing (Fig. 4.4d). 
 
Figure 4-4: (a) Tensile testing set up; (b) BioPuls bath and submersible grips, (c) 
temperature controller. 
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4.3.1. Uniaxial tension tests 
In the macroscopic level, the elastic properties are one of the most important 
properties of bulk material. It describes the resistance of a material to being 
deformed elastically. Typically, uniaxial tension, compression, torsion and 
bending tests are able to measure the elastic properties of a material. BC 
hydrogel is floppy, and thereby, torsion and bending tests are not appropriate in 
this case. In order to investigate the tensile properties of BC hydrogel in the 
radial-transverse plane, uniaxial tension tests were carried out.  
The preparation of the specimen used in uniaxial tension test can be found in 
section 4.2.2. Specimens were clamped using matched Instron pneumatic 
controlled submersible grips (Fig. 4.5a and b), which can supply a force of 
approximately 400 N at 6.9 bar. To ensure that the tensile load was applied 
uniformly to the cross-sectional area, the specimens were placed at the middle 
of jaw faces perpendicular to the loading axis (Fig. 4.5a). Unlike testing of usual 
engineering materials, slipping is always an inevitable issue in soft-tissue tensile 
testing. In this case, due to the highly hydrated state of the studied BC hydrogel, 
the inserted part of the specimen is compressed after clamping, leading to a 
decrease of the contact area with corrugated surface of grips. Therefore, the 
water-proof sand paper was used to avoid sliding (Fig. 4.5c); the pieces of sand 
paper were placed between the specimen and the grips to increase the contact 
area, and to increase the surface friction coefficient.  
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Figure 4-5: Photographs of front (a) and side (b) views of BC specimen during tensile 
test. (c) Schematic diagram of the BC specimen with water-proof sand paper. 
Before each test, a pre-load of 0.05 N was applied to ensure that the specimen 
was fully loaded at the beginning of each test. Force measurements were 
performed using a 100-N load cell (2530 Series Low-profile Static Load Cell, 
Instron, USA), and the deformation was measured by the crosshead 
displacement. Due to the large deformation of soft tissue - BC hydrogel, which 
exceeds the small-strain range (ε≪1%), Green strain 𝜀𝐺  is necessary to use 
[36]; it can be presented  with six components as following: 
Green strain = Small strain term + quadratic terms 
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2
] 
𝜀𝑍𝑍 =
𝜕𝑢
𝜕𝑍
+
1
2
[(
𝜕𝑢
𝜕𝑍
)
2
+ (
𝜕𝑣
𝜕𝑍
)
2
+ (
𝜕𝑤
𝜕𝑍
)
2
] 
𝜀𝑥𝑦 =
1
2
(
𝜕𝑢
𝜕𝑌
+
𝜕𝑣
𝜕𝑋
) +
1
2
[
𝜕𝑢
𝜕𝑋
𝜕𝑢
𝜕𝑌
+
𝜕𝑣
𝜕𝑋
𝜕𝑣
𝜕𝑌
+
𝜕𝑤
𝜕𝑋
𝜕𝑤
𝜕𝑌
] 
𝜀𝑥𝑧 =
1
2
(
𝜕𝑢
𝜕𝑍
+
𝜕𝑤
𝜕𝑋
) +
1
2
[
𝜕𝑢
𝜕𝑋
𝜕𝑢
𝜕𝑍
+
𝜕𝑣
𝜕𝑋
𝜕𝑣
𝜕𝑍
+
𝜕𝑤
𝜕𝑋
𝜕𝑤
𝜕𝑍
] 
(4.1) 
𝑇 𝑊 
Water-proof sand 
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𝜀𝑦𝑥 =
1
2
(
𝜕𝑣
𝜕𝑍
+
𝜕𝑤
𝜕𝑌
) +
1
2
[
𝜕𝑢
𝜕𝑌
𝜕𝑢
𝜕𝑍
+
𝜕𝑣
𝜕𝑌
𝜕𝑣
𝜕𝑍
+
𝜕𝑤
𝜕𝑌
𝜕𝑤
𝜕𝑍
] 
For small strain range (ε≪1%), quadratic terms is far smaller than small strain 
term; therefore, at small strain range, for example, the component of  𝜀𝑥𝑥 can be 
presented by, 
𝜀𝑥𝑥 =
𝜕𝑢
𝜕𝑋
=
∆𝐿
𝐿0
= 𝜀𝐸 (4.2) 
where ∆𝐿 is the change in length, 𝐿0 is the original length, 𝜀𝐸 is the engineering 
strain. Hence, at small strain range, the value of Green strain is almost equal to 
engineering strain, as shown in inset figure in Fig. 4.6. Engineering strain 
accounts the beginning and the end of a load deformation process; while, at 
each strain increments, the original length is changed. Then, the true strain is 
an accumulation of each strain increments, and has following expression, 
𝜀𝑡 = ∫
∆𝐿
𝐿
= ln
𝐿
𝐿0
= ln (𝜀𝐸 + 1) (4.3) 
Also, at small strain range, the value of true strain is almost equal to 
engineering strain (inset figure in Fig. 4.6). In strain measurement, since 
engineering strain is more convenient to be measured, it is usually used in small 
strain cases of engineering uses. While, in large deformation case of BC 
hydrogels, quadratic terms in equation 4.1 are not small enough to be ignored. 
As shown in Fig. 4.6, the contribution of quadratic terms takes more important 
role as increasing of strain. Consequently, in this thesis, Green strain 𝜀𝐺 is 
considering suitable with an expression as 
2
2
E
EG

  ,  
 
(4.4) 
In order to calculate stiffness when using the Green strain, the second Piola-
Kirchoff stress is necessary to be calculated as [36]: 
WT
F

 ,  (4.5) 
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where F  is the force, T  is the instantaneous thickness and W  is the 
instantaneous width of specimen.  
 
Figure 4-6: Comparison between engineering strain and Green strain and true strain  
 
4.3.2. Compression test 
Compression test is the most direct method to characterise the compressive 
properties of bulk material, so it was conducted to measure the compressive 
properties of the BC hydrogel in this study.  
Since the mechanical testing of the BC hydrogel needs to be performed in aqua, 
a pair of custom-made platens for compression tests was designed and 
manufactured in our workshop based on the current dimensions of the BioPuls 
system, see Fig. 4.7. Generally, in a compression test of soft material, solid 
lubricant was used to decrease the friction between the compression platens 
and the specimen’s surface to avoid a non-uniform distribution of compression. 
The BC hydrogels contain ~99 vol% water, which is easily squeezed out under 
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compression loading, and its compressibility in the through-thickness direction 
is remarkable [54]; so, it is assumed that the Poisson’s effect is trivial. Moreover, 
the effect of oil on mechanical properties (since a lubricant can immerse into the 
specimen during a compression test) is still unknown. Therefore, in this study, 
compression tests were performed without a lubricant but a digital camera was 
used to record the shape change of the specimen to verify the assumption. The 
preparation of specimen used in compression test can be found in section 4.2.2.  
 
Figure 4-7: (a) Dimensions of designed compression platens; (b) Photographs of 
manufactured compression platens. 
 
4.3.3. Incremental cyclic test 
The plastic behaviour is present in the most material even in the glasses, and it 
can be caused by various events, such as the movement of dislocations at the 
molecular level in metals and the tiny cracks at microscopic level in the hard 
tissue of bone. In other materials, including the BC hydrogel, inelastic 
deformation (since the mechanisms of this deformation is different from the 
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others, it is called inelastic deformation in this study) may be mainly result from 
the reorientation of fibres.  
The inelastic behaviour of the BC hydrogel is crucial to understand the 
interaction between fibres and the deformation mechanisms. Therefore, 
incremental cyclic tests were carried out to investigate the inelastic behaviour of 
BC hydrogel.  
The dog-bone-shape specimen for tension and cylinder specimen for 
compression were used in cyclic tests and the sample preparation can be found 
in section 4.2.2. The experimental set-up for a cyclic-loading test is the same as 
that for the uniaxial tension and compression tests, see Fig. 4.4. Basically, the 
cyclic test is performed in two steps: first, the specimen is loaded to a specific 
force or displacement value, and then unloaded to the force equal to zero; in 
addition, the loading and unloading rates used in the cyclic test were the same. 
In the case of the in-aqua experiment, the grip will return to its initial position if 
the end-criterion of the unloading process is the zero force, since the liquid 
provides buoyancy to the grip, and this could lead to buckling a phenomena and 
produce artificial test data at the end of the unloading phase. Therefore, a 
specific end criterion should be set instead of the zero force, and in this case, 
the end criterion is the one fourth of the peak value in the first cycle. The 
schematic of loading diagram is shown in Figure 4.8. 
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Figure 4-8: Schematic diagram of incremental cyclic test 
 
4.3.4. Creep test 
It is assumed that the elastic properties of a material are constant; whereas, the 
mechanical behaviour of many materials depends on the applied loading-rate. 
In other words, elastic properties are to some extent time-dependent due to a 
phenomenon of viscoelasticity. Creep is one of the results of viscoelasticity. It is 
the process when a viscoelastic material is held at some stress levels, the strain 
will continue to increase. The BC hydrogel contains large content of viscous 
component of water; therefore, characterising the viscoelastic properties is 
necessary by using creep test.  
The dog-bone-shape specimens for tension were used in creep and the sample 
preparation can be found in section 4.2.2. The experimental set-up for a creep 
test is the same as that for the uniaxial tension test, see Fig. 4.4. Generally, the 
creep test is a two-step process: first, the specimen is loaded under force-
controlled loading regime to some stress, and then held that stress for a period 
of time until specimen is failure.  
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4.3.5. Stress relaxation test 
Stress relaxation is another viscoelastic phenomenon that when a viscoelastic 
material is loaded to and held at some deformation, the stress will continue to 
decrease, and generally characterised by stress relaxation test. The cylinder 
specimens for compression were used in stress relaxation tests and the sample 
preparation can be found in section 4.2.2. The experimental set-up for a stress 
relaxation test is the same as that for compression tests. Generally, the stress 
relaxation test is two steps: first is to load the specimen to a specific strain 
under displacement-controlled loading regime, and then is to hold the strain for 
a period of time until there is no change in force.  
 
4.3.6. Biaxial tensile stretch 
Due to that biaxial testing machine is not a common one, it is not equipped in 
our labs. The current available testing machine to provide a displacement 
controlled load is universal testing machine, providing uniaxial load. Hence, in 
order to achieve applying a uniform biaxial displacement-controlled load on BC 
specimens, an apparatus to transform a uniaxial load to biaxial load is 
necessary to be designed.  
The apparatus’s mechanism and the movement principle are shown in Fig. 4.9 
a-b. Basically, the apparatus consists of 6 main components – 4 grips (upper, 
lower, left and right) and two sectors (upper and lower) (Fig. 4.9a). Lower 
section should fix on the base of universal testing machine, and the testing 
machine carry the upper section to perform uniaxial movement. The upper and 
lower grips could fix on the upper and lower sector, respectively. The left and 
right grip should be able to move along both the handles of upper and lower 
sectors. Hence, cylindrical pins were used to fix them both on the groove of 
upper and lower sectors. The shape formed by the central point of four grips 
(red square shown in Fig. 4.9a) would maintain square during the movement 
(red squares shown in Fig. 4.9b). When the upper section moves from position 
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A to B, the left and right grip will move from position a to b; therefore, the 
difference of distance between upper-lower grips and left-right grips is a 
constant during movement. Therefore, when a universal testing machine 
applies a displacement in Y direction, the fixture could response a same 
magnitude of displacement in X direction. 
 
Figure 4-9: (a) The main principle for designing the fixture; (b) the main mechanism 
and movement principle of the fixture; (c) the assembly diagram of the fixture; (d) the 
3D schematic diagram of the fixture; (e) the biaxial-tensile-loading fixture installed on a 
universal testing machine 
 
CHAPTER 4  
Experimental Methodology 
~ 89 ~ 
 
Based on that principle, a biaxial-tensile-loading fixture was designed in Auto-
CAD®.  Also, the dimensions of orthogonal-cross-shape specimen are under 
considering. The assembly diagram and 3D schematic diagram are shown in 
Fig. 4.8c-d. It should be noted that using cylindrical pin to fix the left and right 
grips is the best design for grips movements; however, the left and right grips 
would have a motion of swing due to gravity. On that issue, secondary 
cylindrical pins fixed only on the groove of upper sector were designed to 
ensure the left and right grips could maintain the position perpendicular to upper 
and lower grips (Fig. 4.9e). 
The designed biaxial fixture cannot currently measure precise load; whereas, 
the microstructure changes of BC fibrous network under biaxial deformation is 
more interesting in this thesis rather than testing data. It is also worth 
mentioning that the shape of the specimen is chosen to be orthogonal-cross-
shape considering convenience in griping specimen; still, due to floppy of the 
material, necking on four bars of the specimen would happen, and that would 
possibly lead to uniform distribution of biaxial load on central domain of the 
specimen. 
 
4.4. Structural analysis of BC hydrogel 
4.4.1. Digital image analysis of BC specimen’s volume 
change 
Numerically, for a non-linear hyperelastic model, the potential strain energy can 
be represented by: 
   1 JpFUW ,  (4.6) 
where  FU is the strain-energy density function, 𝑝 is the hydrostatic pressure, 
and J  is presented as: 
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FdetJ ,  (4.7) 
where F  is the deformation gradient, and for an ideal incompressible 
hyperelastic material 01J . Since the BC hydrogel contains a liquid phase of 
water, which is easily squeezed out under an external loading, it is a 
compressible material, and the effect of volumetric response cannot be ignored.  
In order to obtain the volumetric response under a certain hydrostatic pressure, 
two identical high-resolution digital cameras were fixed on tripods and focused 
on the specimen gripped in the testing machine in two directions, see Fig. 4.10. 
Since the BC hydrogel is a material without any obvious features on the surface, 
as well as it consists of cellulose fibres with a very small diameter 
(approximately 200 nm) and interstitial water, it was not easy to add any 
permanent features to the BC surface so that to use them as reference points. 
Therefore, the initial width and thickness of specimen were used for image 
analysis and calibration. A video was taken during the uniaxial tension test, with 
the time considered as a reference value to obtain the external force from 
testing machine and capture the corresponding volumetric changes with the 
cameras. All the image analysis was carried out with Image-Pro Plus 6.0 
software [119]. 
 
Figure 4-10: Experiment set-up for measuring BC specimen’s volume change  
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4.4.2. Freeze-drying of BC specimen 
In order to investigate the effect of interaction between kinematic mechanisms 
of fibres and the liquid phase, the microstructural change during the loading 
process should be understood. Since the microstructural change is not visible 
by the naked eyes, microscopy should be used; furthermore, the current 
equipment in our lab cannot provide an in-aqua real-time feedback of 
microstructural change. Consequently, there is an alternative method carried 
out, which is to study the remained microstructure after the specimen is loaded 
to some degree. Considering that the diameter of BC fibre is beyond the 
resolution of optical microscopy, electronic microscopy is necessary to be used 
so that the liquid phase of water should be removed since it will damage the 
equipment and affect the results of morphology analysis (see detail in section 
4.4.4). The normal way to fully remove the water is to keep the specimen at 
60°C for 2 days; whereas, this method is potentially to change the 
microstructure since the network will shrink dramatically. Therefore, freeze-
drying is suggested to remove the interstitial water of BC specimens before 
morphology analysis.  
Freeze-drying, also called lyophilisation or cryodesiccation, is a technique 
involved in the dehydration process for the purpose of removing the water in 
material. Generally, freeze-drying consists of two processes: freezing the 
material and then removing the water by reducing the surrounding pressure to 
make the frozen water sublimate to the gas phase directly. Therefore, the 
fundamental principle of freeze-drying is sublimation, the shift from a solid 
directly into a gas. Just like evaporation, sublimation occurs when a molecule 
gains enough energy to break free from the molecules around it. Water will 
sublime from a solid (ice) to a gas (vapor) when the molecules have enough 
energy to break free but the conditions aren't right for a liquid form. 
Since the inelastic behaviour of the BC hydrogel cannot be controlled, and once 
the loading applied on the loaded specimen is released, the loaded 
microstructure of network will reverse to some uncertain degree. In order to 
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obtain the real-time remained microstructure, a custom-made fixture, made of 
nylon, was designed and used to hold the specimen at a certain displacement in 
case of uncertain recovery after a release of tensile loading; moreover, pieces 
of the sand paper were glued on the fixture to increase friction in case of sliding, 
see Fig 4.11a-b. Then, the fixed specimens were stored into DI water before 
freeze-drying to minimize the effect by swelling correlated with the 
microstructural change. Then, specimens with fixture were frozen by liquid 
nitrogen, and then placed immediately into a chamber of freeze drier. Finally, a 
freeze drier (Virtis 2KBTXL-75 Benchtop SLC Freeze Dryer, SP Scientific, USA, 
see Fig. 4.12) provided a vacuum condition to remove liquid in the specimens 
for 24 hrs in order to keep the original microstructure of the cellulose network 
since the hydro-bond formation in the BC hydrogel is non-recoverable and the 
network will shrink extremely after breaking the hydro-bonds.  
 
Figure 4-11: (a) Dimensions of custom-made fixture holding BC specimen at certain 
displacement after releasing tensile loading. (b) Photographs of manufactured fixture. 
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Figure 4-12: Photograph of Virtis 2KBTXL-75 Benchtop SLC Freeze Dryer 
 
4.4.3. Gold coating 
As discussed in previous section, electrical microscopy is suggested to analyse 
the microstructure. Generally, electron microscope uses a focused beam of 
electrons to produce images at the microscopic scale. The freeze dried BC 
specimen consists of a non-conductive cellulose fibre network; therefore, freeze 
dried BC specimens should be transformed into a conductive material before 
approaching to the electron microscope. A bench-top sputter coating system 
(Emitech SC7640 Sputter Coater, Polaron, UK, Fig. 4.13) deposited a thin layer 
of gold on the surface of cellulose fibre network to make it conductive. The 
sample is placed in a small chamber that is at vacuum. Argon gas and the 
electric field result in electrons been removed from argon, making its atoms 
charged positively. Argon ions then become attracted to a negatively charged 
gold foil. Argon ions knock gold atoms from the surface of the gold foil. These 
gold atoms are deposited onto the surface of sample, producing a thin gold 
coating. 
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Figure 4-13: A photograph of Bench-top sputter coating system (Emitech SC7640 
Sputter Coater, Polaron, UK). 
 
4.4.4. Scanning electron microscopy of BC specimens 
Considering that fibres of the BC hydrogel has a fine diameter of around 100 
nm, a high resolution field emission gun scanning electron microscope (FEG-
SEM), which provides the ability to visualize surface features of material down 
to 1 nm resolution, is required, see Fig. 4.14. The morphology of rearranged 
cellulose network was obtained with FEG-SEM that uses electrons instead of 
light to form an image. Since the SEM utilizes vacuum conditions and uses 
electrons to form an image, the samples should be specially prepared. All water 
must be removed from the samples since the water would vaporize in the 
vacuum. All non-metals should be made conductive by covering the sample 
with a thin layer of conductive material. In the case of BC, the gold coating 
process is done by a sputter coater, which utilizes an electric field and argon 
gas.  
 
CHAPTER 4  
Experimental Methodology 
~ 95 ~ 
 
 
Figure 4-14: A Photograph of FEG-SEM instrument (LEO 1530 VP, ZEISS, Germany). 
 
4.4.5. Measurement of effective cellulose content 
Wet BC hydrogel is a natural composite. For a composite material, a normalized 
parameter of component volume fraction is usually involved in definition of its 
mechanical properties [120, 121]. Accordingly, in order to obtain the structure-
mechanical property relationship for the BC hydrogel, measuring a volume 
fraction of cellulose in wet BC hydrogel is necessary. To some degree, the BC 
hydrogel is a spongy-like material due to its microstructure; therefore, the 
cellulose volume fraction is increasing due to the sqweezed water when a 
continuous tensile load is applied to it. Moreover, the effect of interaction of 
fibres on a mechanical behaviour of the BC hydrogel is very difficult to measure. 
Based on the theory of fibre engagement [38], when the majority of fibres 
realign along the loading direction, the BC hydrogel behaves in a quasi-linear 
fashion, from which the linear modulus can be calculated. Hence, it is assumed 
that the linear modulus of bulk BC hydrogel is related to the cellulose volume 
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fraction when most fibres realign along the loading direction. In order to 
understand such a relationship, the cellulose volume fraction should be 
obtained.  
Thus, dog-bone-shape specimens were stretched under quasi-static load up to 
a selected strain value, when the specimen shows a linear relationship between 
the levels of stress and strain. Then, the specimen was fixed carefully with the 
custom fixture for freeze-drying. The gauge length was cut by scalpel, see Fig. 
4.15a. It should be noticed that error between the length of each gauge length 
will not affect the results strongly since the normalized parameter of volume 
fraction is the final result. The dimensions, including length L, width D and 
thickness t of each gauge length were measured by image processing. Also, 
the gauge length was weighed using a milligram balance (accuracy ±0.0001g, 
ABS 220-4, KERN & Sohn GmbH, Germany, Fig. 4.15b). The wet BC can be 
considered as a structure composed of the cellulose network, interstitial free 
water and bound water, attached to the cellulose network by hydrogen bond; 
however, BC has a high degree of crystallinity [123], which means that there 
bound water in BC is rare [124]. So, the volume of cellulose fibres is constant 
during the freeze-drying process. Due to air moisture, there is some water in 
dried BC, which can be ignored. Therefore, the total volume of cellulose in dried 
BC was calculated as the dried specimen’s mass divided by the bacterial 
cellulose density. Consequently, the cellulose volume fraction fV  can be 
calculated as: 
%100
V
m
V f

,  (4.8) 
where m  is the mass of the dried BC specimen,  is the density of bacterial 
cellulose and V is the volume of wet BC specimen. Freeze-drying is a 
technique to remove the interstitial water without changing the structure, so the 
total volume of freeze-dried specimen is almost equivalent to the one of wet 
specimen. Therefore, the volume of wet BC specimen is represented by: 
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tDLV  .  (4.9) 
  
 
Figure 4-15: (a) Stretched dog-bone specimen (the cut rectangular portion was used to 
measure the cellulose volume fraction); (b) milligram balance by KERN & Sohn GmbH. 
 
4.5. Summary 
This project aims at full characterization of mechanical properties of the BC 
hydrogel in order to expand its potential application in tissue engineering. From 
the structural point of view, the BC hydrogel is a typical multi-layered nanofibre-
network material, and its high content of water offers some specific properties. It 
is important to investigate mechanics of the BC hydrogel for understanding of 
deformation mechanisms of the BC-based material. Compared with mechanical 
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testing of stiff materials, the experimental methodology for soft tissues is more 
challenging, since the conditions, such as the storage method, hydrated state, 
specimen size, testing temperature, methods of griping and avoiding swelling, 
can affect the results. Therefore, this chapter focused on introducing the 
experimental methodology, which was used in this project. In order to meet the 
requirements of standard mechanical testing, customised and specially 
designed parts of equipment were manufactured. In order to understand the 
mechanical properties and behaviour of the BC hydrogel and their relation to 
microstructure, the structural analysis approach was utilized in this project.  
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5. Characterisation of Inelastic 
Behaviour of Bacterial 
Cellulose Hydrogel 
 
 
5.1. Introduction 
Elastic behaviour is the most common one to understand a material. So far, the 
elastic behaviour of BC hydrogel has been intensively studied. Values of elastic 
modulus cover a large range due to potential variations in strains of bacteria, 
culture conditions, and processing history, etc. In addition, the testing conditions 
also influence the results, especially the temperature and humility. Due to its 
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potential applications in bioengineering, it is necessary to obtain the mechanical 
behaviour (i) under constant temperature at 37°C, (ii) in contact with liquid 
environment to mimic human body environment [125].  Hence, as the first part 
in this chapter, in-plane tensile and out-of-plane compressive behaviour of the 
studied BC hydrogel was characterised in aqueous environment at 37 ± 1°C 
mimicking body environment by using our bio-bath testing system.  
Plastic behaviour of fibrous hydrogel has been scientifically described with 
regard to deformation and fracture mechanisms at microscopic level, such as 
fibre-reorientation and motion of water; while it has not been fully understand at 
macroscopic level, such as a lack of data to identify its typical elastic-plastic or 
inelastic behaviour. Therefore, another part in this chapter, incremental cyclic 
tensile and compressive tests were carried out to determine loading-unloading-
reloading behaviour for purpose of identification of inelastic behaviour of the BC 
hydrogel.  
 
5.2. Experimental procedure 
5.2.1. Uniaxial tests 
Tension: Uniaxial tensile tests were carried out at strain rate of 0.001s-1 with 
image recording to investigate the nonlinear tensile behaviour of the BC 
hydrogel. Specimens (n=5) along in-plane direction were stretched in 
displacement-controlled mode until failure.  
Compression: Tests were carried out at strain rate of 0.001s-1 with image 
recording. Since the BC hydrogel is a compressible material, and no failure 
phenomena will happen, specimens (n=5) along through-thickness direction 
were compressed under a displacement-controlled load until 80% strain.  
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5.2.2. Incremental cyclic tests 
Tension: Cyclic tension was performed at strain-rate of 0.001s-1 both in loading 
and unloading regimes to obtain the inelastic tensile behaviour at various stress 
levels. Specimens (n=5) were stretched to nine incremental stress levels, 
ranging from 5% to 80% of the ultimate stress, which obtained from uniaxial 
tensile tests; and then returning to the stress value of 0.05 MPa.  
Compression: The tests were carried out at strain-rate of 0.001s-1. Since the 
BC hydrogel demonstrates no ultimate stress, specimens (n=5) were 
compressed to the twenty pre-defined compressive force levels, ranging from 
0.5 N to 180 N, then returning to the compressive force of 0.2 N.  
 
5.3. Inelastic behaviour 
Since the inevitable variability in experimental data of biological soft tissue is 
always involved in data analysis, the original curves for each specimens were 
smoothed by moving average method, then the averaged stress-strain curve 
was obtained by averaging each smoothed original curve. The dimensions, 
including width, and thickness, of tensile specimen, and diameter and height of 
compressive specimen were measured using calliper with accuracy of ±0.001 
mm. It should be noted that the thickness of BC specimens varies even within 
one disk sample due to (i) individual difference of bacterial, (ii) random 
propagation of cellulose fibre, (iii) inhomogeneous distribution of nutrition and 
oxygen under static culture. Due to that, the obtained thickness was 
represented averaging the values measured in 5 different positions in gauge 
length domain. 
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5.3.1. Tensile behaviour 
An averaged stress-strain curve, presenting the mean stress values (n=5) for 
the corresponding values of strain, is shown in Fig. 5.1a. It is evident that the 
BC hydrogel demonstrates a nonlinear tensile behaviour along fibre direction 
under quasi-static tensile loading. Values of a tangent modulus E  along the 
stress-strain curve were calculated in order to investigate the extent of 
nonlinearity in the elastic response under tensile loading. The tangent modulus, 
which represents stiffness at each data point, was obtained from the first 
derivative of the stress-strain curve (the slope between each two data point at 
averaged stress-strain curve), see Fig. 5.1b. As shown, the BC behaviour in 
tensile testing can be divided into five stages, see Fig. 5.1b:  
i. S1: ε0 ~ ε1: an initial quasi-linear stage, in which the modulus is nearly 
constant (this level will be referred to as initial modulus 
1E ), indicating 
that, at the initial stage, not all the fibres are fully loaded. 
ii. S2: ε1 ~ ε2: a nonlinear region, with the value of the tangent modulus E  
increasing with the increase of strain, indicating a material stiffening 
process resulting from a gradual engagement of fibres in the load-
bearing process. 
iii. S3: ε2 ~ ε3: a quasi-linear region, with a nearly-constant tangent modulus 
(this level will be referred to as linear modulus 
2E ), indicating high re-
alignment of fibres along the loading direction. 
iv. S4: ε3 ~ εUTS: a thinning region, see Fig. 5.2, in which the value of E  
decrease sharply to zero with an increase of strain, indicating the 
reduction of the cross-section area leading to stress concentration.  
v. S5: εUTS~ εf : a failure region, (not shown in Fig. 5.1), in which the 
modulus is negative, indicating crack initiation and propagation till the 
specimen is failure. 
                                            
 First derivative: E =
∆𝜎
∆𝜀𝐺
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Figure 5-1: (a) Averaged stress-strain curve for BC specimens at strain rate of 0.001  
s-1 under uniaxial tensile loading. (b) Averaged tangent-modulus curve, indicating five 
stages of microstructural changes (S1-S5) under uniaxial tensile loading. 
(Microstructural sketches do not represent the whole specimen). 
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The values of the characteristic mechanical parameters for various regions are 
summarized in Tab. 5.1. Apparently, the magnitudes of the initial and linear 
moduli are in the order of hundreds of kPa, and MPa, respectively. The material 
offers high ductility, with an ultimate strain of 64.23%, and an ultimate stress of 
1.43 ± 0.05 MPa. It should be noted that since the characteristic transition 
between the defined stages is not distinctly clear, the values of
1 , 2  and 3  
cannot be used directly as respective criteria in numerical simulations; however, 
these parameters are still valuable for the analysis of the structure-mechanical 
behaviour relationship. When these values were normalised with the ultimate 
strain, it was found that (i) stage 1 occupied around 11% of the whole process; 
(ii) when the specimen was stretched to around 66% of the ultimate strain, 
fibres were at their final engagement stage along the loading axis; (iii) when the 
strain reached the value of about 92% of the ultimate strain, the thinning 
process was accelerated, leading to final fracture. 
 
Figure 5-2: Lateral thinning of specimen in tension: (a) stage 3; (b) stage 4; (c) stage 5. 
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Table 5.1: The values of the characteristic mechanical parameters for each stage 
 
 
5.3.2. Compressive behaviour 
Since there is no compression testing standard for hydrogels, a cylinder shape 
with 20 mm diameter and ~5 mm height is chosen in this study considering that 
(i) cylinder shape is better than cubic shape since there would be stress 
concentration on corner of cubic shape under compression; (ii) two 
compression platens with 35 mm diameter are designed to match our bio-bath 
system, thus, the diameter of cylinder shape specimen is better less than 
around 25 mm for placing specimens to an appropriate position; (iii) a standard 
hollow punch with 20 mm inner diameter is equipped in our workshop; (iii) 20 
mm diameter is considering the best choice neither wasting raw material nor too 
small to hold and place specimens.  
An averaged stress-strain curve, obtained by compression of the studied BC 
hydrogel, is shown in Fig. 5.3a. It is evident that the wet BC hydrogel 
demonstrates a nonlinear elastic behaviour along the through-thickness 
direction under quasi-static compressive loading. Also, the evolution of the 
tangent modulus with increased strain is illustrated to demonstrate the 
microstructure-mechanical behaviour relationship, see Fig. 5.3b. The later curve 
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can be divided into three different stages to demonstrate the nonlinear 
compressive behaviour of BC hydrogel:  
1. S1: ε0 ~ ε1: an initial quasi-linear stage with a nearly constant modulus, 
indicating that a soft elastic component dominates the loading bearing at 
the initial stage. 
2. S2: ε1 ~ ε2: a nonlinear region, in which the value of E  increases slightly 
with increased strain, indicating a material stiffening process resulting 
from the interaction between water and BC fibres. 
3. S3: ε2 ~ εmax: a nonlinear region, in which the modulus increases sharply 
with increasing strain, indicating a drastic stiffening process resulting 
from the aggregation of BC fibres. 
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Figure 5-3: (a) Averaged stress-strain curve for BC hydrogel at strain rate of 0.001 s-1 
under compressive loading. (b) Evolution of tangent modulus with increased strain with 
three stages of microstructural changes (S1-S3) under uniaxial compressive loading 
(Microstructural sketches do not represent the whole specimen; the movement of 
squeezed liquid is shown schematically with side arrows). 
The volumetric changes of the BC hydrogel under compressive load show that it 
is a highly compressible material where the Poisson’s effect was not observed, 
see Fig. 5.4a-d. Structurally, the BC hydrogel consists of a scaffold of multi-
layered network and interstitial water; the water can be easily removed from the 
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compacted material. Under the compressive loading regime, owing to the 
incompressibility of water, the fibre aggregation is accompanied by squeezing 
water out.  
 
Figure 5-4: (a)-(d) Volumetric changes of BC hydrogel under compressive loading from 
0% to 60% compressive strain. The schematic diagrams show constant diameter of 
specimen at various stage of compression, indicating no Poisson’s effect. 
It should be noted that when an out-of-plane compressive load attempted to 
press water out, it can be considering that water attempted to prevent lateral 
expansion (Fig. 5.5) and can be presented as, 
𝜀𝑥 =
1
𝐸
(𝜎𝑥𝑥 − 𝑣𝜎𝑦𝑦)                                                      (5.1) 
where 𝜀𝑥 is compressive strain, 𝜎𝑥𝑥 is the applied stress, 𝑣 is the Poisson’s ratio 
and considering non-zero in this case, 𝜎𝑦𝑦 is the transverse stress. Then, the 
actual measured stress has following expression,  
𝜎𝑥𝑥 = 𝐸𝜀𝑥 + 𝑣𝜎𝑦𝑦 = 𝜎𝑥𝑥
0 + 𝑣𝜎𝑦𝑦                                                      (5.2) 
where 𝜎𝑥𝑥
0  presents the contribution from fibres. For an incompressible and 
isotropic Newtonian fluid, viscous shear stress has the following expression,  
𝜏 = 𝜇0
𝑑𝑢
𝑑𝑦
                                                      (5.3) 
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where 𝜏 is the viscous shear stress, 𝜇0 is a constant, 
𝑑𝑢
𝑑𝑦
  is the derivative of the 
velocity component that is parallel to the direction of shear. When considering 
constant strain-rate, 𝜏 is considering a constant in this case. Hence, the flow 
resistance from interstitial water when undergoing compression is the sum of all 
internal fluid, then, the transverse stress can be presented by 
𝜎𝑦𝑦 =
𝜏𝐴𝑖𝑛𝑡𝑒𝑟
𝐴𝑐𝑖𝑟
                                                      (5.4) 
where 𝐴𝑖𝑛𝑡𝑒𝑟 is the internal surface area, 𝐴𝑐𝑖𝑟 is the circumferential area of the 
cylinder specimen. When the size is not changing by orders of magnitude, e.g. 
from microns to millimetres, the changes of internal surface area is considering 
proportional to the changes of total volume 
𝜎𝑦𝑦 = 𝜏
𝐶1𝑉
𝐴𝑐𝑖𝑟
= 𝐶2𝐷                                                      (5.5) 
where 𝐶1, 𝐶2 are constants, 𝐷 is diameter of cylinder specimens. Consequently, 
substituting equation 5.5 into equation 5.2, contribution from interstitial water 
can be considered as,  
𝜎𝑥𝑥 = 𝜎𝑥𝑥
0 + 𝑣𝐶2𝐷                                                      (5.6) 
So, as increase of diameter of cylinder specimens, water effect would increase, 
leading to measured results becoming size-dependent. While, as shown in Fig. 
5.3b, after 80% strain, stiffness of specimens increased sharply since fibres 
carried most load; then, at this stage, water effect can be considered trivial, and 
the measured results should be size-independent. 
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Figure 5-5: Schematic diagram shows the actual measured stress 𝜎𝑥𝑥 is equal to the 
contribution from fibres 𝜎𝑥𝑥
0  and water 𝜎𝑦𝑦. 
5.3.3. Inelastic behaviour 
 Loading-unloading-reloading behaviour 
Cyclic tension 
An averaged stress-strain curve of BC hydrogel under incremental cyclic 
tension is shown in Fig. 5.6a. The evolution of tangent modulus E  (the tangent 
moduli in loading, unloading and reloading regime are called, in this thesis, 
loading modulus, unloading modulus and reloading modulus, correspondingly), 
calculated as the ratios of stress to strain differentials at the data points, along 
with the strain was numerically obtained, see Fig. 5.6b. Since the obtained data 
points of first cycle are insufficient to show a clear tendency, the loading-
unloading-reloading modulus of first cycle is not shown in Fig. 5.6b. In order to 
clarify the tendency, two single evolutions of loading-unloading-reloading moduli 
are shown in Fig. 5.6c. The dependence of loading, unloading and reloading 
moduli on strain are shown in Fig. 5.6d-f. The following observation can be 
made from the analysis of Fig. 5.6.   
i. In Fig. 5a, BC hydrogel demonstrates nonlinear behaviour at all stress 
levels for loading, unloading and reloading regimes.  
ii. The unloading curve did not reverse back to the initial state, evidencing 
that BC hydrogel demonstrates nonelastic deformation even at smallest 
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stress level (inset figure in Fig. 5.6a), confirming the presence of 
nonelastic deformation already at small strain range. 
iii. The ratio between the area under the unloading and reloading curve 
indicates a viscoelastic phenomenon of hysteresis (Fig. 5.6a). 
iv. The evolutions of loading, unloading and reloading moduli show 
nonlinear dependence on strain (Fig. 5.6d-f) 
v. The unloading modulus 
UE  decreases with the strain. The behaviour of 
this dependence can be approximately by a bi-linear curve (Fig. 5.6e). 
vi. The reloading modulus demonstrates a two-step process – increasing 
and then decreasing – indicating a ‘S’ shape of reloading stress-strain 
curve, which can generally be approximate by a tri-linear curve (Fig. 5.6f). 
vii. The eventual portion of the evolution of unloading and reloading modulus 
was approaching the evolution of loading modulus, see marked regions 
in Fig. 5.6c. 
viii. It is interesting to notice that the overlapping parts of unloading and 
reloading modulus curves correspond to the maximum tangent modulus 
in reloading process (Fig. 5.6c).  
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Figure 5-6：(a) Averaged stress-strain curve for BC specimens at strain rate of 0.001 
s-1 under incremental cyclic tensile loading; (b), (c) dependence of averaged unloading 
and reloading moduli curve on strain; dependence of (d) loading modulus, (e) 
unloading modulus, and (f) reloading modulus on strain. 
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The initial and eventual modulus in the process of loading, unloading and 
reloading is calculated as the ratios of stress to strain differentials at the data 
points in the initial and eventual portion of the corresponding process. The 
maximum reloading modulus is obtained from the maximum value of the 
reloading modulus curve. The measured initial loading modulus 
ILE , eventual 
loading modulus 
ELE , initial unloading modulus IUE , eventual unloading 
modulus 
EUE , initial reloading modulus IRE , maximum reloading modulus MRE , 
and eventual reloading modulus 
ERE , are summarized in Tab. 5.2.  
Table 5.2: The values of the characteristic modulus for each cycle in loading, 
unloading and reloading process  
 
 
Cyclic Compression 
An averaged stress-strain curve under incremental cyclic compression is shown 
in Fig. 5.7. Since the obtained data points of unloading and reloading curve are 
insufficient to clearly characterise the tendency, the dependence of tangent 
modulus on strain is not shown in the plot. From the insets in figures in Fig. 5.7, 
the shapes of unloading-reloading curve at low, medium and high stress levels 
demonstrate three types of behaviour: 
i. At low stress level (red), nonlinear unloading-reloading behaviour is 
obtained and the hysteresis loop with resilience can be observed.  
ii. At medium stress level (blue), the curve is almost straight up and down. 
iii. At high stress level (purple), hysteresis is not observed but resilience can 
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be observed, and a separation between the initial portion of unloading 
and final portion of reloading is obvious. 
 
Figure 5-7: Averaged stress-strain curve for BC specimens at strain rate of 0.001 s-1 
under incremental cyclic compressive loading 
 
 Resilience 
Resilience is the ratio between elastic deformation and total deformation for 
describing the reversibility of BC hydrogel in tension and compression. The 
resilience under incremental cyclic tension and compression at different stress 
and force levels are illustrated in Fig. 5.8a-b, respectively.  
i. In cyclic tension, the resilience is generally over 10%, and indicates a 
three-step progress – a sharp increase from 10.69 ± 0.24% at lowest 
stress level to 14.64 ± 0.56% at stress level of 10% of ultimate stress, 
then a slow increase to the maximum resilience of 15.41 ± 0.81% at 
stress level of 20% of ultimate stress, eventually, a gradual decrease to 
12.23 ± 0.19 % at highest stress level of 80% of ultimate stress. In cyclic 
compression, the resilience is generally less than 2.1% indicating a poor 
reversibility of BC hydrogel in through-thickness direction.  
ii. In cyclic compression, the observed resilience is approximately between 
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0.2 to 2%, and the fluctuation progress indicates four characteristic 
stages: (a) BC hydrogel is able to reverse more along with the increased 
force level in stage 1; (b) in stage 2, the resilience decreases 
progressively slower along with the increased force level; (c) no 
significant difference can be found in stage 3, and the resilience is 
considered constant; (d) a gradual accelerated increase of the 
recoverability of BC hydrogel along with increased force level can be 
observed in stage 4.  
 
Figure 5-8: Averaged resilience of BC specimens at strain rate of 0.001 s-1 under 
incremental cyclic (a) tensile loading and (b) compressive loading 
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5.4. Discussion 
5.4.1. Elastic properties 
The characteristic mechanical properties of ultimate stress σUTS,  ultimate strain 
εUTS, initial modulus 𝐸1 and linear modulus 𝐸2 of the BC hydrogel at a strain-rate 
of 0.001 s-1 were measured using the uniaxial tension tests. The tensile 
properties of BC hydrogel obtained in our study are comparable to those found 
in previous studies. Figure 5.9 shows the comparison study of mechanical 
properties of BC hydrogel, among which, the material in our study was provided 
by the research group of Fu; therefore, the effect of the variation in specimens 
was minimized, and the obtained ultimate stress and linear modulus are similar. 
However, there was a difference in the ultimate strain values, indicates the 
duration before stage 3 (Fig. 5.1), and this might have resulted from the 
different environment, in which specimens were tested. Mckenna et al. [58] 
used a standard dumbbell press (ISO 37-4) to obtain specimens for tensile tests; 
the specimen was stretched under a load rate of 10 mm/min. Nakayama et al. 
[54] performed a tensile testing on dumbbell specimens at room temperature.  
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Figure 5-9: Comparisons of ultimate stress, elastic modulus, ultimate strain of BC 
hydrogel between our study and Fu et al. [33], Mckenna et al. [58], Nakayama et al. [54] 
and Backdahl et al. [44]. 
The difference of obtained values is not only due to the variation in the sources 
of specimens, but also testing conditions. It should be noticed that the liquid in 
the BC hydrogel is easily to be squeezed out, and it has a low capacity of 
recovery of the swelling properties due to hydrogen bonds construction between 
cellulose fibres. Therefore, the results obtained in this study that employed in-
aqua environment are different from those for the tests conducted in air and at 
room temperature due to the effect of swelling. Backdahl et al. [44] investigated 
the tensile properties of BC rings under a load rate of 0.25 mm/s in Krebs 
solution at temperature of 37°C. They evaluated the potential application of BC 
hydrogel as a scaffold material for blood vessels; hence, the ring-shaped 
specimens were selected instead of the standard dog-bone shape for tensile 
testing, potentially leading to a large difference of the obtained mechanical 
characteristic compared to our study. 
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5.4.2. Inelastic tensile and compressive behaviour 
Generally, like the two components soft tissue, such as aortic valve, the weak 
constituent of elastin dominates the role in loading bearing in the initial stage 
and responses the initial modulus; then, by the contribution of the gradual 
recruitment of fibres, the bulk tissue becomes stiffer with increase strain; when 
the effective volume fraction of the fibres are fully loaded, the tissue exhibits the 
linear modulus; finally, the micro-cracks leads to the tissue failure [38]. In the 
case of one stiffness component tissue of BC hydrogel, owing to the random 
orientation of cellulose fibres, the assumption is that in the natural state of BC 
hydrogel, the cellulose fibre exhibit curl pattern till a pre-load applied on it. The 
curl fibres began to unbend by external force, and are considered exhibiting the 
initial modulus. Then, as the increasing load, leading to interaction mechanics 
between fibres, more fibres are fully loaded gradually and make the material 
stiffer till the fibre recruitment process approach to complete. Finally, due to the 
network structure, there should be a weakest defect on the edge resulting from 
sample cutting, and such a defect leads to stress concentration and initiates 
microcrack. Moreover, a thinning phenomenon was observed by use of digital 
cameras, see (Fig. 5.2).  
It was demonstrated that the BC hydrogel had a nonlinear tensile and 
compressive responses. These behaviours were characterised by introduction 
of five and three stages, respectively, corresponding to evolution of the tangent 
modulus with strain, along with the changes in the microstructural features.  
Similar to the behaviour of aortic valve, the weak constituent (elastin) dominates 
the loading bearing in the initial stage and defines the initial modulus; then, by 
the gradual engagement of fibres, the bulk tissue becomes stiffer with 
increasing strain. When most fibres are loaded, the tissue exhibits a linear 
modulus; finally, the micro-cracks lead to the tissue’s failure [38]. In the case of 
a material composed of two phases - a soft material phase and liquid phase - 
like the BC hydrogel, owing to the random orientation of curled cellulose fibres, 
at the initial stage, the tensile load straightens the BC fibres. In addition, the 
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total volume of the specimen at the initial stage increases slightly demonstrating 
that the process of straightening fibres released some space allowing the influx 
of water from external environment. Then, with the increasing load and since 
the fibres are connected at the nanoscale, more fibres became fully loaded 
gradually providing higher stiffness to the  material until all the fibres were 
loaded. During this fibre-engagement stage, the total volume decreased 
demonstrating that interstitial water was squeezed out and the interstitial spaces 
decreased both inside the fibrous network and between the layers due to the 
material’s shrinkage. At this stage, the cellulose fibres take the role of load 
bearing, exhibiting linear modulus. During the period when the tangent modulus 
is constant, the total volume is approaching saturation indicating that there is 
almost no interstitial water inside the BC specimen except that bonded with 
fibres by hydro-bonds; the volumetric change is affected by the Poisson’s effect. 
Finally, an accelerated thinning process, resulting from the Poisson’s effect, 
was observed, leading to stress concentration accompanied by reduction of the 
cross-section area, and, eventually, by the onset of fracture and specimen’s 
failure.  
In compression, similar to a case of a sponge, the transverse displacement did 
not demonstrate a significant change with regard to the initial width of the 
specimen with increased compression, see Fig. 5.4. Hence, no Poisson’s effect 
was observed in the compression tests of the BC hydrogel along its through-
thickness direction. Basically, the water can be squeezed easily from the 
compressed specimens, and at the initial stage, results shown that a soft 
component had an elastic modulus of the magnitude of hundreds of Pascal. 
Kinematically, the fibrous network acts as barrier resisting the flow of interstitial 
water; therefore, at the initial stage, a compressive load was used to squeeze 
the interstitial water between layers until compressive strain reached around 
45%. Therefore, it is assumed that the initial modulus registered at this stage 
was defined rather by the kinematic process and is not a material property; 
potentially, it might be zero if the strain rate approaches zero; hence, statistical 
analysis of the initial modulus is of less importance. Then, a slight increase in 
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the modulus suggests that the fibres started to contribute in the load-bearing 
capacity until compressive strain reached about 80%. Finally, a drastic increase 
of the tangent modulus indicated the influence of interaction between the BC 
fibrous layers. 
5.5. Summary 
This chapter systematically studied the inelastic response of the BC hydrogel by 
performing tensile, compressive, and cyclic tensile and compressive tests. 
Studied behaviour provides the background of numerical modelling, which is 
important for understanding its mechanics under various application-relevant 
conditions. 
 Results from tensile and compressive tests suggest that the BC hydrogel 
demonstrates non-linear elastic behaviour both in in-plane tension and 
through-thickness compression with several characteristic stages, 
reflecting various deformation mechanisms. The extent of non-linearity 
with regard to a process of material stiffening was evidenced. 
 The recorded images demonstrated the volumetric changes during the 
loading process, indicating the deformation mechanisms accompanied 
with the kinematic process between the soft solid phase of the cellulose 
network and the liquid phase of water.  
 Results from cyclic tests show non-elastic dependence of loading-
unloading-reloading behaviour with characteristic tendency of resilience 
both in tension and compression. The BC hydrogel demonstrates 
inelastic behaviour; in other words, no pure elastic region was found, and 
elastic deformation was accompanied with plastic deformation under 
external loading. 
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CHAPTER 6 
6. Characterisation of Time-
dependent Behaviour of 
Bacterial Cellulose Hydrogel 
 
 
6.1. Introduction 
BC hydrogels demonstrate time-dependent behaviour thanks to a viscous 
contribution of their liquid content. Since they are designed to be employed 
under complex loading conditions of body environment, viscoelastic properties 
as well as time-dependent behaviour is of vital importance. As mentioned in 
previous chapter, tensile properties in the transverse plane and compressive 
properties along the through-thickness direction are more important from a view 
point of potential application. Thus, tensile creep along transverse plane and 
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stress relaxation along through-thickness direction were performed to study 
time-dependent behaviour of the BC hydrogel in this chapter. 
The BC hydrogel has an extreme large content of free water, and most of free 
water is located in a space between fibrous layers. It is worth noting that those 
amounts of water are nearly unconstrained; moreover, the water movement is 
correlated with shrinkage of fibrous network. Hence, the motion of free water 
(flow resistance) is assumed to be a phenomenon influencing the mechanical 
performances at microscopic level, especially at high loading rate. So, 
assessing such strain-rate dependent behaviour is necessary to be 
characterised in order to fully understand structure-function relationship of the 
BC hydrogel, especially at microscopic level. 
In this chapter, the time-dependent rheological behaviour of BC hydrogel is 
assessed by means of tensile creep and compressive stress relaxation tests at 
various stress and force levels up to 80% 𝜎𝑈𝐿𝑇 and 200 N, respectively. Strain-
rate-dependent behaviour was characterised by performing uniaxial tension 
under various strain-rates. The obtained results show anomalous strain-rate-
dependent behaviour of the BC hydrogel with strain-rate sensitivity changing 
from hardening to softening.  
6.2. Experimental procedure 
6.2.1. Tensile creep and compressive stress relaxation tests 
The prepared dog-bone-shape and cylinder-shape specimens were subjected 
to tensile creep and compressive stress relaxation tests, respectively, 
employing a universal testing machine. Specimens (n=3) for creep were first 
stretched to 50%, 60%, 70% and 80% of ultimate stress (1.43 MPa, as 
determined from uniaxial tension see Chapter 5), and then stress was hold for 
1.5 hrs. In stress relaxation tests, specimens (n=3) were first deformed to 
compressive force levels of 25 N, 50 N, 100 N and 200 N, and then the 
achieved level of strain was hold for 1.5 hrs. A 100 N load cell (2530 Series 
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Low-profile Static Load Cell, Instron, USA) and a crosshead displacement 
sensor were used to measure the force and displacement, respectively, with 
data-acquisition frequency of 1 Hz. 
 
6.2.2. Uniaxial tension under various strain rates 
Uniaxial tension under various strain rates followed the same experimental 
procedure as uniaxial tension. Specimens (n=5) were subjected to uniaxial 
tension under a wide range of strain rates: 0.0001 s-1, 0.00033 s-1, 0.001 s-1, 
0.0033 s-1, 0.01 s-1, 0.033 s-1, 0.1 s-1 and 0.3 s-1. These strain rates cover a 
range of 3000 fold of the initial strain rate.  
 
6.3. Time-dependent behaviour of the BC hydrogel 
6.3.1. Tensile creep behaviour 
In creep tests, strain continuously accumulates under a constant load, 
described by a function of time. Usually, typical creep behaviour shows three 
characteristic stages – primary creep, secondary creep and tertiary creep. 
During primary creep, the creep strain rate declines approaching a certain value, 
and then shows secondary-creep behaviour with a steady-state strain rate. Due 
to a constantly increased strain, tertiary creep occurs with initiation of rupture, 
and this stage is often considered as a damage process.  
The experimentally determined creep (strain-time) curves at stress levels of 
50%, 60%, 70% and 80% of ultimate strength 𝜎𝑈𝐿𝑇 are shown in Fig. 6.1. The 
plots presented in Fig. 6.1 omit the pre-creep domain. A non-linear time-
dependent behaviour was observed for all the applied stress levels. Specimens 
demonstrated typical creep behaviour: after some 1000 s, a secondary-creep 
period was initiated. At the highest studied stress level (80% of 𝜎𝑈𝐿𝑇), at around 
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4500 s corresponding to the strain magnitude of around 70.5%, an increase in 
the creep strain started to accelerate, manifesting a transition to a tertiary creep 
(The value is similar to the one obtained from uniaxial tensile tests in Chapter 5, 
suggesting a good reliability of the testing method used in this thesis to 
characterise elastic properties of the BC hydrogel). That was caused by 
significant microstructural changes accumulated during the deformation process 
to such advanced levels of stretching that might be accompanied by failure of 
some nanofibres, leading to local stress concentration (Fig. 6.2).  
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Figure 6-1: Evolution of strain at constant stress with increasing time shows typical 
creep behaviour of BC hydrogel (3 specimens) at various stress levels (as fractional): 
(a) 50%; (b) 60%; (c) 70%; (d) 80%. 
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Figure 6-2: Schematic diagram of microstructural changes at increased stress levels 
ranging from 50% 𝝈𝑼𝑳𝑻  to 80% 𝝈𝑼𝑳𝑻 , indicating process of fibre rearrangement 
resulting in material stiffening 
 
6.3.2. Compressive stress relaxation behaviour 
Stress relaxation happens when a material maintains a fixed configuration so 
that an imposed initial stress declines as a function of time. For a non-viscous 
material, stress value is kept constant at any time during loading. Compressive 
stress relaxation (stress-time) curves of the BC hydrogel along the through-
thickness direction at four force levels are shown in Fig. 6.3 (pre-relaxation 
domains are omitted). It shows typical stress relaxation behaviourl while, the 
stress decay rate is extremely high at the beginning of relaxation for each force 
level, with a sharp drop of stress. As a result, the specimens for all force levels 
demonstrated a stress-relaxation time of less than 100 s, an inset in Fig. 3 
presents the behaviour for a time period from 0 to 300 s. The time required for 
full relaxation (when stress approaches equilibrium) grows with the increased 
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initial force level. At each force level, the stress decline by over 80% before 
reaching a static state. Because of the free-water content, the high level of 
stress decay could be the result of water movement.  
The lack of knowledge of structure-function relationships is mainly due to the 
challenge in observations of microstructural changes under deformation, 
especially nano-fibrous system in aqueous environment. From the reversibility 
results in Chapter 5, all the force levels (25 – 200 N) are in Stage 4, an 
assumption is that at this stage the fibrous layers are fully compacted; hence, 
performance of fibrous layers dominates the studied stress relaxation rather 
than the process of squeezing water out. 
 
Figure 6-3: Stress evolution in BC hydrogel at various constant force levels along 
through-thickness direction 
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6.3.3. Strain-rate-dependent behaviour 
The stress-strain curves to strains up to 50% strain are shown in Fig. 6.4a for 
each strain-rate used in experiments. The error bars are not shown in this figure 
since some curves are overlapping, and this might lead to misunderstandings. It 
evidences that wet BC hydrogel demonstrated non-linear elastic behaviour 
under quasi-static tensile loading at each strain-rate. The evolution of tangent 
modulus with strain can be found in Fig. 6.4b, demonstrating extent of non-
linearity at each strain rate.  
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Figure 6-4: (a) Average stress-strain curves of BC hydrogel at various strain rates 
under uniaxial tension loading; (b) evolution of tangent modulus with strain at various 
strain rates 
For most continuous viscoelastic materials, the typical behaviour was largely 
investigated, showing a strain-rate hardening due to relaxation time. The 
studied BC hydrogel could be generally regarded as a discontinuous material 
with a large content of free water. The obtained results demonstrate anomalous 
strain-rate-dependent behaviour, changing from hardening to softening.  
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Based on the results of the uniaxial tensile test, the tensile deformation 
mechanism of the BC hydrogel could be typically divided into five stages: (i) 
initial quasi-linear stage (S1); (ii) nonlieanr stage (S2); (iii) linear stage (S3); (iv) 
thinning stage (S4); and (v) failure stage (S5), see Section 5.3.1. To understand 
this strain-rate-dependent behaviour, it is essential to measure various 
parameters in these characteristic stages. The dependence of initial modulus  
𝐸1 and linear modulus 𝐸2 on strain rate is shown in Fig. 6.5a. Evolution of those 
characteristic stages represented by the characteristic strain values  𝜀1, 𝜀2 and 
𝜀3 as fractions of the ultimate strain ε𝑈𝑇𝑆 ( 3,2,1, n
UTS
n


) is given in Fig. 6.5b, 
that demonstrates also the extent of each stages. Also, stress values for a 
certain strain levels 

  and the corresponding tangent modulus 

E  at each 
strain-rate were measured, and are shown in Figs. 6.5c and d, respectively. All 
the values in Fig. 6.5 can be found in Tabs. 6.1 and 6.2. 
From the obtained values, the general character of evolution with increasing 
strain rate can be described as follows: 
i. Both the values of initial modulus and linear modulus of BC hydrogel 
increased up to 0.0033 s-1 from 0.31 ± 0.05 and 2.72 ± 0.40 MPa at 
strain rate of 0.0001 s-1 to 0.61 ± 0.07 and 3.88 ± 0.29 MPa at strain rate 
of 0.0033 s-1, respectively, and then decreased to 0.20 ± 0.05 and 1.16 ± 
0.21 MPa at strain rate of 0.3 s-1, see Fig. 6.5a. 
ii. A slight increase of initial modulus was found from 0.27 ± 0.03 MPa at 
strain rate of 0.033 s-1 to 0.29 ± 0.05 MPa at strain rate of 0.1 s-1 (Fig. 
6.5a).  
iii. The initial quasi-linear stage (Stage 1) occupied some 10% of the whole 
process, and decreased at high strain rates. The non-linear stage (Stage 
2) occupied from around 45% to 60%, and increased along with 
increasing strain rate. The linear stage (Stage 3) was equal to around 20% 
to 30% of the whole process, and decreased along with the strain rate. 
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The pre-failure stage (Stage 4) was around 10% of the whole process, 
without any significant fluctuations can be found.  
iv. Both the value of stress and the corresponding tangent modulus at all 
strain levels follow a dependence on the strain rate (changing from 
hardening to softening, with the peak at strain rate of 0.0033 s-1) similar 
to that of initial and linear modulus. The data on stress value can be 
converted into a coefficient of strain-rate sensitivity presenting strain-rate 
behaviour, and it will be introduced in the next section. 
 
 
Figure 6-5: (a) Initial modulus 𝑬𝟏 and linear modulus 𝑬𝟐 for various strain rates.  (b) 
Evolution of characteristic stages based on results of tensile behaviour for increased 
strain rate. Dependence of stress (c) and tangent modulus (d) on strain rate at some 
certain strain levels 
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6.3.4. Strain-rate sensitivity 
From the early study by Alder and Philips, who found that yield stress is related 
to the strain rate, and according to the definition of strain-rate sensitivity, at fixed 
strain, stress can be presented by [71]  
𝜎 =
𝐹
𝐴
= 𝐾𝜀̇𝑚 ,                                                      (6.1) 
where 𝐹 is the applied force, 𝐴 is the cross-sectional area of the specimen, 𝐾 is 
the material constant, 𝜀̇  is the strain rate, 𝑚  is the strain-rate-sensitivity 
exponent. Normally, the strain-rate-sensitivity coefficient increases with 
temperature, and when the value of 𝑚 is greater than 0.5, the material tends to 
exhibit superplastic behaviour. After mathematic conversion, the strain-rate-
sensitivity exponent can be represented by 
𝑚 =
log(𝜎 𝐾⁄ )
log 𝜀̇
 ;                                                      (6.2) 
then, the value of 𝑚 can be calculated from a log-log plot of the stresses at 
fixed plastic strains correlated with the strain rate [128], assessed by the 
following expression [129]: 
𝑚 =
∆log 𝜎
∆ log 𝜀̇
|
𝜀
 .                                                      (6.3) 
The strain-rate-sensitivity exponent 𝑚 at each strain was determined based on 
equation (6.5) using a linear least-square method. Variation of 𝑚 with the strain 
rate at strain levels from 10% to 50% was numerically calculated (see in Fig. 
6.6). All the values of 𝑚 is less than 0.5. A general process can be divided into 
a stage with positive 𝑚 followed by a stage with negative exponents, reflecting 
strain-rate-dependent hardening and softening, respectively, with a transition 
between the stages at strain rates between 0.001 s-1 and 0.003 s-1. The value of 
the exponent has a tendency approaching zero at both low and high strain rates, 
suggesting that the BC hydrogel might not be sensitive to the strain rate when 
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applying a tensile load at strain rates outside the studied range from 0.0001 to 
0.3 s-1.  
Basically, viscoelastic materials demonstrate the property of time-dependence, 
showing strain-rate-dependent behaviour. Most viscoelastic materials 
demonstrate strain-rate hardening with a positive 𝑚; whereas, in some special 
cases, strain-rate softening was documented. As example, Srivastava et al. 
[130] reported that amorphous polymer Zeonex-690R demonstrated strain-rate 
softening at large deformations at high strain rate (0.3 s-1), suggesting the effect 
of adiabatic heating (thermal softening). In the work of Canadinc et al. [131], 
negative strain-rate sensitivity of Hadfield steel polycrystals was determined 
mainly due to dynamic strain aging (Portevin–Le Chatelier effect).  
 
Figure 6-6: Evolution of the strain-rate-sensitivity exponent at various strain level 
shows that the BC hydrogel demonstrates strain-rate-dependent behaviour changing 
from hardening to softening.  
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Here, the experiments demonstrated that a high-crystalline bio-polymer - 
bacterial cellulose (BC) hydrogel - with 99 vol% of liquid phase had anomalous 
strain-rate sensitivity with a transition from hardening to softening at constant 
temperature. Unlike the thermo-related strain-rate-dependent softening, the 
dissipation of heat from molecular chains would be absorbed imminently by a 
high content of liquid. Different from dynamic strain aging, dislocation 
movement is irrelevant to the deformation mechanisms of the BC hydrogel. The 
interaction between fibres and kinematic process of the liquid phase are 
assumed to be another important effect on the strain-rate sensitivity, introduced 
in deformation mechanisms in Chapter 7. 
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Table 6.1: Values of characteristic mechanical parameters for each stage at various 
strain rates (part 1) 
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Table 6.2: Values of characteristic mechanical parameters for each stage at various 
strain rates (part 2) 
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6.4. Summary 
Time-dependent rheological behaviour of the bacterial cellulose hydrogel is 
assessed with the uniaxial tensile creep and compressive stress relaxation tests 
performed at various stress and force levels, up to 80% 𝜎𝑈𝐿𝑇  and 200 N, 
respectively. Results show that the BC hydrogel demonstrate typical creep and 
stress relaxation behaviour, suggesting that the BC hydrogel is a viscoelastic 
material at macroscopic level. Considering its potential biomedical applications, 
prediction of such time-dependent behaviour of the BC hydrogel is essential. A 
fractional-exponential model was used to assess these behaviour and shows 
good potential uses. The results have been published and can be found in detail 
in [132, 133]. 
Uniaxial tensile tests under various stain-rates falling within a range of 0.0001 s-
1 to 0.3 s-1 were performed to investigate strain-rate-dependent behaviour of the 
BC hydrogel. The obtained results show a process of transition from material 
stiffening to softening with the increased strain-rate. Based on the results of 
tensile tests in Chapter 5, a set of characteristic parameters was determined, 
correlated with the strain rate, to discuss the dependence of mechanical 
behaviour of the BC hydrogel on strain rate. The strain-rate-sensitivity exponent 
was numerically calculated, demonstrating its change from positive to negative 
magnitudes, reflecting anomalous strain-rate-dependent behaviour: from 
insensitive to strain-rate, strain-rate hardening, then strain-rate softening and, 
once more, strain-rate insensitive. 
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CHAPTER 7 
7. Determination of Deformation 
Mechanisms of Bacterial 
Cellulose Hydrogel 
 
 
7.1. Introduction 
Macro-scale mechanical testing allows us to identify mechanical characteristics 
of the BC hydrogel. As well known, mechanical properties and behaviour of a 
material is strongly related to its microstructure, known as structure-function 
relationship. To understand the microstructural changes in a process of 
deformation is a key for in-depth understanding of mechanics of BC hydrogel.  
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Chapter 5 and 6 introduced characterisation of mechanical response of BC 
hydrogel by mechanical testing; meanwhile, in order to determine structure-
function relationships, several micro-morphological observations were 
accompanied with those mechanical testing to study the microstructural 
changes for the purpose of investigation of deformation mechanisms of the 
studied BC hydrogel. 
In the literature, some studies have a brief description of deformation 
mechanisms of BC hydrogel; nevertheless, its complicated multi-scale structural 
system implies an extreme complicated process of microstructural changes 
under external loading, and obviously a detailed description is desirable. 
Additionally, the testing results in Chapter 5 shows inelastic response of BC 
hydrogel, and the deformation mechanisms defining the inelastic behaviour 
have never been systematically studied. Moreover, to develop realistic 
microstructural model, deformation mechanisms is of vital importance since the 
accuracy of micromechanical modelling relies more or less on whether the 
model geometries reflect real situation. Likewise, the results from strain-rate 
sensitivity in Chapter 6 demonstrated anomalous strain-rate dependent 
behaviour which is indispensable to be investigated in the view of deformation 
mechanisms in order to introduce the strain-rate behaviour in a scientific way.  
To identify the deformation mechanisms of such a complicated nano-system of 
network, micro-morphological observation to analyse the microstructural 
changes was carried out in the process of deformation. The obtained images 
indicate a complicated process of microstructural changes of BC hydrogel under 
tension and compression with regard to its deformation mechanisms. In order to 
fully understand and support the assumptions of its deformation mechanisms, 
an additional work of biaxial tension was carried out. The microstructural 
changes after various biaxial stretching were identified; and accidently, a 
mechanical modified porous BC hydrogel was developed. It shows potential as 
a 3D scaffold for cell culturing used in tissue engineering. 
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This chapter mainly focuses on fully understanding the microstructural changes 
in the process of deformation for the goal, in turn, to investigate the deformation 
mechanisms, and to establish a background for micromechanical modelling. 
 
7.2. Microstructural changes under uniaxial tension 
7.2.1. Micro-morphological observation  
Due to the size of BC nanofibre, electronic microscopy is necessary for micro-
morphological observation rather than optical microscopy; while, the large water 
content and in-aqua testing environment against the basic requirement in SEM 
analysis (vacuum condition). Therefore, the real-time study of microstructural 
changes in the process of in-aqua testing of BC hydrogel is technically very 
challenging. On this situation, the remained microstructure after loading could 
help us to identify the real-time microstructural changes. From the reversibility 
analysis in Chapter 5, more than 10% elastic recovery will happen after removal 
of tensile load. Hence, dog-bone specimens were first stretched to a certain 
strain level. Then, a custom-made fixture was used to clamp the specimens in 
order to fix the microstructure in case of some uncertain elastic recovery. The 
specimen without clamping was used to observe the recoil microstructure after 
remove of tensile loading. Then, the water in specimens was removed by 
freeze-dryer. Finally, several cubic samples were cut from freeze-dried 
specimens for micro-morphology analysis using FEG-SEM. 
 
7.2.2. Formation of cross-links 
BC nanofibre is sytheized by bacteria, and its is assumed that most individual 
fibre is formed by individual bacteria; hence, the fibre is long with rare branches. 
Under static-culcturing conditions, BC nanofibres were interweaved naturally. 
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Due to the interweave patten, when the long fibres were stretched by external 
loading, some cross-links were easily formed at the position where they 
interweaved, similar to a process of tieing shoes, as shown in Fig. 7.1. As a 
result, the long fibre was divided into numbrous fibre fragments by thoes cross-
links, and the randomly distributed BC nanofibres were modified into a mesh-
like network. It is worth noticing that, in mechanical aspect, these cross-links 
could be generally classified into two tylical types – ‘sliding links’ where two 
fibres bended together (Fig. 7.1a) and ‘rotating links’ (usually called 
entanglement in literature) where more than two fibres twisted together (Fig. 
7.1b).  
 
Figure 7-1: Examples of cross-links (5000×) after tension show sliding link (a) and 
entanglement (b) 
The formation of the cross-links is one of key phenomenon in the process of 
tension due to that it transformed the nature of cross-links of BC hydrogel which 
has a significant influence on the micromechanics of BC nanofibre network. The 
interaction between fibres is suggested to be friction; while, when 
entanglements formed, they acted as the rotating joint which implies that it 
allows bending of fibres at entanglements, also the orientation of fibre fragment 
is able to re-orientate by stretching of local entanglement [107].  
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7.2.3. Failure of BC nanofibre 
Due to interweave pattern, BC long fibres were divided into several fibre-
fragment by entanglements. In fact, fibre fragments were not welded with those 
entanglements so that the long fibres were still there. Hence, under external 
tension, the energy is stored in tension at the domain of fibre-fragment; while, 
bending process mainly happened at the domain of entanglement in which 
tensile and shear stress dominate the damage process. From the micro-
morphological observations, failure of fibre-fragment (Fig. 7.2a) and failure at 
entanglement (Fig. 7.2b) have been found. These two failure process are the 
same as macro-scale network systems. 
 
Figure 7-2: Example of failure process of BC nanofibre (5000×) caused by (a) tensile 
stress at the domain of fibre-fragment; (b) tensile and shear stress at the domain of 
entanglement 
 
7.2.4. Reorientation of fibre segment 
Reorientation of fibre is one of the most important factors acting in network 
structure. The topic has been largely studied, for instance the effect of fibre 
orientation distribution on mechanical behaviour of nonwoven material [66, 67]. 
Some network theories consider it as a major input for prediction of stiffness of 
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a whole body [94].Hence, to characterise the relationship between reorientation 
of fibre fragment and mechanical behaviour of BC hydrogel is of importance.  
In chapter 5, uniaxial tensile tests were performed, identifying a non-linear 
elastic behaviour with five characteristic stages, in which the tangent modulus 
increased along with increased strain level. In order to correlate reorientation of 
fibre fragment with its tensile behaviour, specimens were stretched to various 
strain levels from 20% to 60%, then micro-morphology of the stretched 
specimens were observed.  
The BC nanofibre distribution after 50% stretching is shown in Fig. 7.3. At 
magnifications of 100× (Fig. 7.3b) and 1000× (Fig. 7.3d), surface of stretched 
specimen consists of dense fibres so that the orientation distribution is virtually 
impossible to recognise. At magnification of 5000× (Fig. 7.3c), comparing with 
the random distribution in the natural state (Fig. 4.1b), most nanofibres were 
induced by external load to re-orient towards loading direction; still, there were a 
small amount of nanofibers show large angle even perpendicular to loading 
direction. The phenomenon of fibre-reorientation of BC nanofibre under tension 
has been discussed previously [64]. It stated that the nanofibre dominates the 
contribution of material stiffness, and fibre reorientation could be considered as 
the main event causing material stiffening. The conman way to describe fibre 
reorientation is to (i) obtain the statistic of fibre orientation; (ii) convert the 
statistic into probability density; (iii) fit probability density with a specific 
probability density function. In this case, normal distribution was selected to 
describe such physical phenomenon of fibre-reorientation with expression as,  
 
 
2
2
22
2
1
, 






x
exf ,  (7.1) 
where   is the mean of the distribution, and the   describes the standard 
deviation of distribution.  
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Figure 7-3: (a) Freeze-dried specimen after 50% stretching clamped on the custom-
made fixture; SEM images shows real-time microstructure of stretched specimen at 
magnifications of (b) 100×, (c) 5000× and (d) 1000×. 
 
Figure 7-4: (a) Schematic diagram of fibre angle  ; (b) statistic of fibre orientation 
was obtained by a MATLAB algorithm. (c) The loading direction is estimated by fitting 
statistic of fibre orientation. (d) Aspect ratio of fibre fragment is estimated to be the 
peak value in probability density. 
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BC nanofibre is high crystalline long fibre with rare branch, while, by the 
contribution of tensile load, long fibres were divided into numerous short fibre-
fragments by entanglements [135]. In this case, the basic unit of inclusion 
became fibre-fragment. The orientation of fibre-fragment was measured by our 
MATLAB algorithm (Fig. 7.4b) [111]. At each strain level, over 1500 fibre-
fragments were taken into account. It is worth to notice that loading direction is 
nearly impossible to be directly obtained from SEM images. Hence, the statistic 
of fibre-fragment-orientation was converted into probability density distribution fit 
with function of normal distribution. Since fibres would re-orient towards loading 
direction, the value of continuous location parameter  , which represents the 
peak probability in normal distribution, indicates the loading direction (Fig. 7.4c). 
Also, the aspect ratio of fibre fragment was obtained, and the statistic was 
assessed with the best fit of generalized extreme value distribution (Fig. 7.4d) in 
order to obtain the effective value of aspect ratio  t  at each strain level. The 
results show that the aspect ratio of BC fibre segment has a value of ~10.  
An algorithm developed in MATLAB allows us to find the best fit of    in normal 
distribution function (eq. 7.1). The fibre distribution at each strain level and 
normal distribution function curves are shown in Fig. 7.5. The obtained variance 
parameters of   for each strain level can be found in Tab. 8.1 in next chapter 
(pp. 189). Generally, it shows that the extent of fibre reorientation is relevant to 
accumulation of tensile strain.  
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Figure 7-5: Orientation distribution of fibres at strain level of 20% (a), 30% (b), 40% (c), 
50% (d) and 60% (e) and their normal distributions (f) (0° corresponds to the stretching 
direction). 
 
7.2.5. Volumetric changes under tension 
Due to the shrink of multi-layer network under tension, free water would be 
substantially squeezed out [65], resulting in the changes of fibre volume fraction. 
Although this kinematical process does not essentially influence the capacity of 
loading bearing, it is worth to determine the evolution of fibre volume fraction in 
the process of tension. The water in stretched specimens was removed by 
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freeze-drier for 24 hrs. Then, a rectangular section was cut from gauge length of 
stretched specimens. The geometries of the sections were captured by optical 
microscopy to calculate total volume. The top and side views were captured by 
optical microscopy (Fig. 7.6) and the area of surface and mean thickness were 
measured by image process software. Then, the volume fraction is calculated 
following equation 4.8 (pp. 96) and summarized in Tab. 8.1 (pp. 189).  
 
Figure 7-6: Optical microscopic images used for accounting total volume 
 
7.2.6. Deformation mechanisms of inelastic behaviour 
The remained microstructure of stretched specimen at 40% strain level is 
shown in Fig. 7.7a. By the stimulation of tensile loading, a number of fibres 
attempted to re-orientate along loading direction comparing with the random 
distribution in natural state; still, the direction of a small group of fibres was 
intersected with loading direction at large angle even perpendicular to the 
loading direction. It should be noticed that some fibres, orientated in different 
directions, assemble in entanglements, whose size is larger than the fibres’ 
diameter (circular marks in Fig. 7.7a). It is assume that the long fibres can be 
considered as fragments connecting by these entanglements, forming 
interweaved network with the cells of mostly polygonal shape (Fig. 7.7a-b). After 
loading removal, the entanglements are still present, as seen from Fig. 7.7c. 
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Phenomenally, once the fibres entangled together to form a ‘fast knod’, the 
entanglement will be a relative permanete one regardless of removel of 
stretching. The phenomenon of fibre-realignment, however, is less visible. 
Moreover, the polygonal shape of the network cells is changed to more 
roundish one (Fig. 7.7c-d). 
 
Figure 7-7: (a) SEM image (5000×) and (b) schematic diagram, of re-distributed 
microstructure of stretched specimen after 40% strain stretching; (c) SEM image 
(5000×) and (d) schematic diagram, of re-distributed microstructure of released 
specimen after 40% strain stretching 
The results of cyclic tension and compression show that the inelastic 
deformation presents at all the stress levels. There is no yielding point and pure 
elastic region observed in contrast with the observation of Sehaqui and Das [51, 
52].  
In cyclic tension, six mechanisms of deformation – (a) reorientation of fibre (𝑀𝑖); 
(b) interaction of fibres (𝑀𝑖𝑖); (c) interaction between entanglements (𝑀𝑖𝑖𝑖); (d) 
deflection of molecular angle of molecule chains ( 𝑀𝑖𝑣 ); (e) elongation of 
covalent bond of molecule chains (𝑀𝑣); (f) prevention of interstitial water (𝑀𝑣𝑖) – 
are identified. In addition, in natural state, BC fibres were in the pattern of 
interlace weave [23]. The schematic diagram of loading-unloading-reloading 
process is shown in Fig. 7.8, and the inelastic behaviour in tension can be 
described as the following sequence: 
 
CHAPTER 7  
Determination of Deformation Mechanisms of Bacterial Cellulose Hydrogel 
~ 150 ~ 
 
i. At the natural state, fibres are randomly distributed and free of any 
constraints. When the tensile loading initiates on a specimen, since the 
movement of fibres is fully free, fibres attempte to re-orientate along the 
loading direction (𝑀𝑖 ). During the reorientation process, fibres are easily 
twisted and interlace with each other to form the fask knots, call 
entanglements [65], see Fig. 7.8a (𝑀𝑖𝑖). Then, these entanglements initiate 
to straightening the fibres toward themselves, deflecting the orientation of 
fibre-fragments ( 𝑀𝑖𝑖𝑖 ). When the fragments are fully constrained, 
viscoelasticity of molecule chains played the major role in loading bearing. 
Potential energy is equivalent to the energy stored in the molecular bond 
plus the energy required to deflect the molecular angle (𝑀𝑖𝑣 + 𝑀𝑣 ). The 
increasing number of fully constrained molecule chains result in the 
stiffening of overall behaviour. Due to its low compressibility, water resists 
motion of fibres ( 𝑀𝑣𝑖 ) and is squeezed out from fibre network during 
shrinkage.  
ii. In unloading, the potential energy accumulated in molecule chains is first 
released (𝑀𝑖𝑣 + 𝑀𝑣). Kinematically, during the reverse of molecule chains, 
fully loaded fibre-fragments attempt to pull entanglements to reduce 
constraints (𝑀𝑖𝑖𝑖), and spontaneously move to a position providing decrease 
in potential energy (𝑀𝑖𝑖). The process rearranges the distribution of fibre-
network, as shown in reorientation of fibres and changes of shape of 
network cells in Fig. 7.8c. At the same time, water attempts to prevent the 
reverse of straightened fibres and the movement of interacted fibres (𝑀𝑣). 
Once the entanglement formed, fibres cannot reverse back to their natural 
distribution since knots are formed (Fig. 7.8c). We assumed that the 
formation of these entanglements is the main reason that no pure elastic 
region is observed.  
iii. The reloading process is inverse to unloading one. Due to that, the initial 
portion of reloading process involves reorientation of fibre-fragments and 
interaction between entanglements (𝑀𝑖𝑖 + 𝑀𝑖𝑖𝑖 ). Elongation of fibres plays 
the main role in deformation growth (𝑀𝑖𝑣 + 𝑀𝑣).  
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The positive effect on resilience in tension is the increasing number of stretched 
fibre-fragments. As strain increases, failure of single fibre may happen, which 
does not lead to the failure of bulk material since the microcrack is unable to 
propagate through a discontinuous matrix. The negative effect on resilience in 
tension is the increasing number of microcracking. The rise-fall process of 
resilience in tension along the increased stress level is the competition of the 
positive and negative effects (Fig. 5.8a in pp. 116).  
The motion of water contributes to viscous behaviour of BC hydrogel in tension 
and compression [65, 56]. The overall effective elastic modulus of BC hydrogel 
is not the tangent modulus in stress-strain curve. We assume that the initial 
unloading modulus 𝐸𝐼𝑈  might be the overall elastic modulus at some certain 
level of stress. The assumption is that the effect of viscosity of molecule chains 
is trivial and negligible in the case of limited-time reaction. In Fig. 5.6e (pp. 113), 
the initial unloading modulus increases with the increased stress level, since at 
higher stress levels, more potential energy is accumulated in molecule chains 
due to fibre engagement process. Along the progress of the unloading process, 
the unloading modulus decreases in the presence of flow resistance and less 
potential energy both in molecule chains and interacting fibres. The eventual 
unloading modulus approaches loading modulus, confirming an inelastic 
hardening process (Fig. 5.6c in pp.112). The hardening process is caused by 
the formation of entanglements and reorientation of fibres.  
The reloading process consists of a hardening and a softening parts with a 
transition point of maximum reloading modulus 𝐸𝑀𝑅, which is the overlapping 
part of unloading and reloading modulus curves (Fig. 5.6c in pp.112). Viscous 
effect (hysteresis) is the main reason for the initial reloading modulus 𝐸𝐼𝑅  be 
higher than eventual unloading modulus 𝐸𝐸𝑈 (Tab. 5.2 in pp.114). Reorientation 
of fibre-fragments in reloading leads to hardening process. Then, reloading 
stress-strain and reloading modulus curves are approaching the master curve in 
the presence of viscosity of fibre-fragments. The maximum reloading modulus is 
the balance point of the two mechanisms in reloading behaviour. The 
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corresponding point in unloading modulus curve might be the balance point 
either. 
 
Figure 7-8: Schematic diagram of (a) loading process; (b) unloading process; (c) 
reloading process. 
 
7.3. Microstructural changes under biaxial tension 
7.3.1. Experimental procedure 
A universal testing machine applied a uniaxial displacement-controlled load for 
testing. The designed biaxial-tensile-loading fixture was used to transform the 
uniaxial deformation to a biaxial one (Fig. 7.9a-c). A digital camera, set on a 
tripod, placed in front of specimen perpendicular to the plane of biaxial tension, 
was used to record the process of biaxial tension.  
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Figure 7-9: (a) The main principle for designing and manufacturing the fixture; (b) the 
biaxial-tensile-loading fixture installed on a universal testing machine; (c) the 
orthogonal-cross-shape specimen griped on the biaxial-tensile-loading fixture; (d) 
rubber and sandpaper for avoiding slippage 
A pre-test was performed to investigate the failure deformation of orthogonal-
cross-shape specimen to be ~17 mm. Then, specimens (n=5)  were subjected 
to biaxial cyclic tension, stretched from peak deformation of 8 mm and 14 mm, 
respectively, to zero force at loading-unloading rate of 1 mm/s for 100 cycles. 
During biaxial cyclic tension, spraying was used to moisten the specimens in 
case of effect of swelling on the morphology of stretched specimens. Rubber 
and sandpaper were used to clamp specimens tightly to avoid slippage during 
tests (Fig. 7.9d). 
Stretched BC specimens were immersed into DI water immediately after biaxial 
cyclic tension in order to avoid the effect of swelling. Then, the water in the 
stretched specimens was removed by freeze-drying. The central domain of 
specimens was cut by scalpel, and then gold coated. Finally, the micro-
 
CHAPTER 7  
Determination of Deformation Mechanisms of Bacterial Cellulose Hydrogel 
~ 154 ~ 
 
morphology of the mechanically modified BC structure was observed by using 
scanning electron microscope (SEM).  
 
7.3.2. Morphological changes under biaxial tension 
Macroscopic level:  At macroscopic level, the area of central domain of 
stretched specimen is obviously larger than the one of un-stretched specimen 
(Fig. 7.10a), indicating that the central domain has been stretched. Additionally, 
some voids on the surface of central domain can be observed by naked eyes 
(Fig. 7.10b). From the structural point of view, BC hydrogel is a typical multi-
layer nonwoven material with large porosity. Theoretically, the fibre network is 
easily to be expanded, and some voids could be enlarged, coinciding with the 
observation at macro-scale.  
 
Figure 7-10: (a) Difference of the area of central domain between un-stretched and 
stretched specimens; (b) Zoom-in image of central domain of stretched specimen 
shows voids appeared on the surface. 
Mesoscopic level: At mesoscopic level (100×), surface of natural BC hydrogel 
consists of very dense fibres (Fig. 7.11 left). By the contribution of biaxial load, 
some root-like structures can be observed (Fig. 7.11 mid). It is assumed that the 
surface-layer is weak, and the root-like structure is mainly due to the surface 
tension. When the biaxial load continuously applied on specimens, it initiated to 
tear the domain between the root-like structures, forming a homogeneous 
porous structure (Fig. 7.11 right).  
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Figure 7-11: Evolution of microstructural change of BC fibre network (100×) on the 
increased deformation shows the process of formation of homogeneous porous 
structure. 
 
Microscopic level: At microscopic level (5000×), two typical structures can be 
observed. On the corner edge of stretched specimens, nearly perfect parallel 
fibre arrangement can be observed (Fig. 7.12b). The parallel fibres bundle 
together closely compared with their natural state. On the surface of central 
domain, homogeneous porous structure can be observed (Fig. 7.12c). The 
large pores are separated by the root-like structure. It was shown that the root-
like structure was formed by some single layer of mesh-like network with mesh 
size of ~1.5 μm (Fig. 7.12d). The empty space between root-like structures is 
not a simple structural unit of pore but a complex system of hole with diameter 
of ~100 μm (Fig. 7.12e). The large deep hole consists of some relatively small 
holes, forming a cellular-like structure (Fig. 7.12e). On the walls of the holes, 
some fractured fibres can be observed (Fig. 7.12f).  
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Figure 7-12: (a) Stretched BC specimen shows two types of structure – (b) parallel 
fibre arrangement (5000×) on the cornel edge and (c) homogeneous porous structure 
(100×) on the surface of central domain. By the stretching of biaxial load, (d) random 
distributed fibres formed a mesh-like network (5000×), and (e) small pores contributed 
to form large pore (2000×) mainly due to (f) the fibre fracture (5000×). 
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7.3.3. Hierarchical architecture with homogenous porous 
structure  
From the structural point of view, BC hydrogel is a typical multi-layer nonwoven 
material with large porosity. Hence, the fibre network is theoretically easily to be 
expanded, leading to the enlargement of central area of stretched specimen at 
macroscopic level (Fig. 7.10a). So, it is easy to understand that, by the same 
mechanisms, some voids could be stretched to larger voids, coinciding with our 
observation on the surface of stretched specimen (Fig. 7.10b).  
At mesoscopic level, natural BC hydrogel demonstrates unsmooth surface, so it 
is assumed that the fibre layer on the surface is relatively week and 
heterogeneous. The formation of root-like structure might mainly due to the 
failure of surface layer under biaxial loading. During the process of freeze-
drying, the damaged surface layer might crimp to form the root-like structure. 
Also, from the SEM image at deformation of 8 mm, the biaxial load attempted to 
stretch the fibre layer so that to make surface smooth, evidencing from the 
smooth domain between root-like structures (Fig. 7.11 mid). Under the biaxial 
deformation of 14 mm, large pores were formed (Fig. 7.11 right). They locate in 
the domain between the root-like structures. In other words, the domain was 
torn by biaxial load, forming a homogeneous porous structure. From the 
observation at deformation of 8 and 14 mm, the root-like structure was firstly 
formed, and then pores were observed. An assumption can be proposed that 
the formation of pores were mainly due to tearing of biaxial load, and they 
initiated on the surface then propagated through the whole material.  
At microscopic level, two typical structures have been observed (Fig. 7.12).  
 Parallel fibre arrangement: Reorientation of BC fibres is a main 
deformation mechanism under a global loading. To quality control the 
orientation of BC fibres has attracted increasing interests due to that it 
shows great ability in orienting cell-culturing [137]. Sano et al. utilized 
[138] electromagnetically technique to controlled biological assembly of 
aligned bacterial cellulose nanofibers. Sehaqui et al. [99] prepared 
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isotropic nanopaper, and used cold drawing to investigate the possibility 
in quality control the orientation of cellulose nanofibre. The results in 
Chapter 5 shows that parallel fibre arrangement cannot be modified by 
uniaxial load [135]. By applying a biaxial load on BC hydrogel, parallel 
fibre arrangement has been observed on the corner edge of orthogonal-
cross-shape specimen (Fig. 7.12b). It is firstly shows the possibility of 
using pure mechanical modification to produce parallel BC fibres.  
 Homogenous porous structure:  By the effect of biaxial deformation of 
14 mm, the structure of BC hydrogel has been modified to be multi-scale 
architecture with homogeneous porous structure. The natural twisted BC 
fibres were firstly stretched to form a series of entanglements, and the 
long fibres were divided into several fragments by the entanglements as 
a result in the primary microstructure – mesh-like network. It evidences 
our assumption that random distributed BC fibres twist together in their 
natural state, and they could be modified to be mesh-like network by 
using global biaxial tensile load. Each mesh element was composed by 
BC fragments with various strength. To quality control the size of single 
layer mesh-like network could be a good approach potentially used in 
bio-filter applications. The increasing load consistently enlarged the size 
of mesh to form some small pores, and the small pores would eventually 
re-construct to be a large pore. By the crack propagation along through-
thickness direction, a series pores constructed a large deep hole. The 
formation of homogeneous porous structure is mainly due to the fracture 
mechanisms. 
A simplified structural diagram is shown in Fig. 7.13. The dense surface is 
actually consists of primary structure of mesh-like networks. Numerous pores 
randomly distributed on the surface of stretched specimens. Considering the 
crack propagation through fibrous-layer, a series pores construct a taper hole 
since the crack is assumed to initiate on the surface. Comparing with the 3D 
structure of natural BC hydrogel, the advantage to have such a structure is that 
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the taper holes provide communications of the spaces between the fibrous-layer, 
acting as lifts in a ‘skyscraper’.  
 
Figure 7-13: Schematic diagram of hierarchical structure of stretched BC hydrogel 
under uniaxial tension 
 
7.3.4. Deformation and fracture mechanisms under biaxial 
tension 
Deformation mechanisms: Mesh-like network was found on the central 
domain of stretched specimen. Reorientation of fibre along loading direction 
was largely studied. BC fibres would re-orientate along biaxial load, while they 
were twisted together in natural state. In other words, entanglements were 
easily to form at where they interweave. The entanglement is not a bonding-
point so that under cyclic loading, entanglements could move in order to make 
the network approaching a balance state, reducing potential energy of stretched 
network. The network would not be broken by shear stress. So, under biaxial 
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load, the formed mesh-like network shows relatively regular mesh element, 
coinciding with our observation, as shown in the process in Fig. 7.14. 
 
Figure 7-14: Deformation mechanisms of formation of mesh-like network 
Fracture mechanisms: After biaxial stretching, the basic structural unit could 
be considered as fibre fragment and entanglement. In our observations, there is 
no evidence introducing the fracture initiated at entanglement; hence, in this 
case, the basic fracture mechanism is the failure of fibres. Two types of fracture 
process have been observed. In the plane of fibrous-layer, the weak fragments 
would be broken by increasing biaxial load as a result in expanding small mesh 
into large one (Fig. 7.15a). Along through-thickness direction, when the biaxial 
load continuously contributed on the specimens, some weak links on the walls 
of the pores would firstly be fractured, leading to stress concentration, then 
initiating a crack that propagating perpendicular to the plane of biaxial load (Fig. 
7.15b). 
 
Figure 7-15: Fracture process (a) in the plane of fibrous layer and (b) along through-
thickness direction 
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7.3.5. Potential applications  
The result to have the homogeneous porous structure is to reveal some 
potential applications. BC hydrogel with ideal biocompatibility makes it a 
feasible scaffold material for cell-culturing; while, in the natural state, the BC 
fibres on the surface is too dense to allow cells to penetrate into BC hydrogel. 
Due to that, cells can only live and grow on the surface. By applying the biaxial 
deformation of 14 mm, the homogeneous porous structure is produced. The 
measured diameter of the large pores located in the range from ~30 μm to ~210 
μm. The probability density distribution of diameter of large pores is shown in 
Fig. 7.16. The diameter mostly fall within a range of 75~120 μm with a peak 
value of ~100 μm. Since most human cells have a size from 2 to 120 μm [139], 
it is assumed that the modified homogeneous porous structure is suitable for 3D 
culturing of human cells, and that has been scheduled in our future work. 
 
CHAPTER 7  
Determination of Deformation Mechanisms of Bacterial Cellulose Hydrogel 
~ 162 ~ 
 
 
 
Figure 7-16: Probability density distribution of diameter of large pores indicates that 
the size of pores is suitable for human cells’ culturing. 
 
7.4. Microstructural changes under compression 
7.4.1. Micro-morphological observation 
In compression, due to the trivial elastic recovery (<2%), cylinder specimens 
were compressed to a certain force level without any clamping. Then, the water 
in specimens was removed by freeze-dryer. Finally, several cubic samples were 
cut from freeze-dried specimens for micro-morphology analysis using FEG-SEM. 
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7.4.2. Process of squeezing water 
The result of reversibility in cyclic testing shows 4 typical stages; hence, the 
cross-sectional morphology at these 4 stages was observed as shown in Fig. 
7.17. The main phenomenon in compression is to continuously press water out. 
In Fig. 7.17, the increasing force levels shows a gradual process that fibrous 
layer were compressed closer and eventually they were compact together at 
Stage 4 (Fig. 7.17d). 
 
Figure 7-17: Cross-sectional morphology after compression at force level locating in (a) 
Stage 1, (b) Stage 2, (c) Stage 3 and (d) Stage 4 based on the result of reversibility 
7.4.3. Deformation mechanisms under compression 
From the results of cyclic compression in Chapter 5, three different types of 
unloading-reloading behaviour were observed in low, medium and high strain 
range. Large content of interstitial water locates in the space between fibre 
layers, and it can easily be squeezed out [65, 56]. The weak cross-links are 
insufficient to completely support fibre-layers to re-absorb squeezed water, 
leading to the poor resilience in compression at all force levels (Fig. 7.17).  
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i. At low strain range, the compressive load attempts to press interstitial water 
out as a result in decrease of the space between fibre-layers. At the same 
moment, the cross-links between fibre layers start bearing the load (bending 
or buckling) as a result in hysteresis effect with resilience. More potential 
energy will be stored along the progress of bending or buckling, considering 
as a positive effect on resilience. The cross-links were not fully constrained 
perpendicular to loading direction. They would re-orientate to the plane of 
fibre-layers, becoming less resistive to loading. That reduces resilience. 
Thus, dependence of the resilience on force level is governed by these two 
competitive process (stage 1 and 2 in Fig. 7.17). 
ii. At medium strain range, the interstitial water between fibre-layers is almost 
squeezed out and the fibre layers are compacted together (Fig. 7.17c). The 
cross-links are along the plane of fibre-layers. The compressive load 
compacts the fibres together within the layers. In the absence of cross-links, 
this process is almost irreversible with constant minimum value of resilience, 
coinciding with one observed on experimental unloading-reloading curve of 
straight up and down (stage 3 in Fig. 7.17b). 
iii. At high strain range, the fibres are compacted together (Fig. 7.17d). 
Compressive load attempts to press fibres more closely. Fibres would move 
to fill in the gap between them in order to allow reduction of potential energy. 
Then, fibre networks become a thin layer. The load continually acts on the 
thin layer, and the measured force would increase sharply since the load 
resistance of the thin layer is much stronger than the one of cross-links. 
Due to that, a separation between initial portion of unloading and final 
portion of reloading is observed (purple inset in Fig. 5.7 in pp. 115). The 
deformation compressing the thin layer is mostly elastic. The inelastic 
deformation could be considered as the one before high strain range. 
Resilience would increase with increased deformation corresponding to 
increased force levels in high strain range, coinciding with one observed on 
experimental results (stage 4 in Fig. 7.17). 
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7.5. Effect of high strain-rate on deformation behaviour 
7.5.1. Geometric changes at various strain-rates 
Due to the Poisson’s effect, a cross-sectional area of a stretched specimen 
shrinks under large deformations. The digital cameras recorded the process, 
demonstrating a phenomenon that at high strain rate the thinning of specimen is 
less than that at low and medium strain rates, reflecting that some processes 
proceeded differently at high strain rate, see the marked red areas at low, 
medium and high strain rates in Fig. 7.14.  
 
Figure 7-18: Geometric changes of specimens stretched at low, medium and high 
strain rates 
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7.5.2. Reorientation of fibre 
Under tension, fibre reorientation in fibrous plane is a main deformation 
mechanism leading to material stiffening [135]. Micro-morphology of specimen 
after 50% stretching at low, medium and high strain rates is shown in Figs. 
7.19a, c and e, respectively. A general tendency could be formulated: more 
fibres were reoriented along the direction of induced loading at low strain rate 
and medium. The data on fibre orientation was obtained with image processing, 
and then converted into a probability density distribution function, as shown in 
Figs. 7.19b, d and f. Clearly, more fibres were aligned with the loading direction 
at low and medium-strain-rate loading.  
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Figure 7-19: Micro-morphology of fibre distribution after 50% stretching at low (a), 
medium (c) and high (e) strain rates; probability density distribution of fibre orientation 
at low (b), medium (d) and high (f) strain rates. 
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7.5.3. Kinematics of free water 
In Chapter 6, the results from uniaxial tension under various strain-rates show a 
strain-rate-dependent behaviour with a transition from strain-rate hardening to 
softening (top figure in Fig. 7.20).  Under tension, fibre network attempts to 
press water out. Since large content of water located in the space between 
fibrous layers, the cross-sectional image after tension at various strain-rates is 
the key to understand the kinematics process of free water. As shown in Fig. 
7.20, morphology of fibrous layer at low, medium and high strain-rate after 40% 
stretching is observed. Some conclusion can be formulated as following: 
 at low strain rates, a layered structure is obvious together with cross-
links (Figs. 7.20 a and d). This morphology, in general, retains its initial 
features;  
 at high strain rates (Figs. 7.20 c and f), the morphology is more of a 
cellular structure with homogeneous regular and deep cells;  
 at medium strain rates (Figs. 7.20 b and e), some elements of the 
cellular structure are apparent, but it is not as regular and the cells are 
not as deep as those at high strain rates; the fibrous layered structure 
can be still recognized. A tendency to form a cellular-like structure when 
increasing the strain rate is evidenced. In this way, the structure at 
medium strain rate can be considered as a result of an incomplete 
process compared to that at high strain rates. 
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Figure 7-20: Cross-sectional morphology after 40% tensile stretching at strain rate of 
(a. 1000× and d. 2000×) 0.01%s-1, (b. 1000× and e. 2000×) 0.3% s-1 and (c. 1000× and 
f. 2000×) 10% s-1 
 
7.5.4. Mechanisms of the BC’s strain-rate-dependent behaviour 
Basically, viscoelastic materials demonstrate strain-rate-dependent behaviour. 
Most traditional viscoelastic materials are characterised by strain-rate hardening 
with a positive 𝑚 ; still, in some special cases, strain-rate softening was 
documented. As an example, Srivastava et al. [130] found that amorphous 
polymer Zeonex-690R exhibited strain-rate softening at large deformations at 
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high strain rate (0.3 s-1), suggesting the effect of adiabatic heating (thermal 
softening). In the work of Canadinc et al. [131], negative strain-rate-sensitivity of 
Hadfield steel polycrystals was determined mainly due to dynamic strain aging 
(Portevin–Le Chatelier effect). 
Such typical strain-rate hardening behaviour was observed mostly in continuous 
viscoelastic materials. The studied BC hydrogel could be generally regarded as 
a discontinuous material, with a large content of free water. The obtained 
results demonstrate that, at constant temperature, the BC hydrogel has 
anomalous strain-rate-sensitivity with a transition from hardening to softening. 
Unlike thermally induced strain-rate softening, heat dissipation from molecular 
chains in the BC would be absorbed imminently by a high content of water. In 
contrast to dynamic strain aging, dislocation movement is irrelevant to 
deformation processes in the BC hydrogel. 
From the recorded images, a cross-sectional area after a defined deformation at 
high strain rates is larger than that at low strain rates (Fig. 7.18), implying that 
shrinkage of the nanofibre network is time-dependent. From the results in Fig. 
6.5b (pp. 132), the tangent modulus in 𝑆2 increased with increasing strain, as a 
result of fibre reorientation. 𝑆2  had a longer duration at high strain rates, 
indicating that the fibre-reorientation process needed more time to respond to 
stretching at high strain rates. Moreover, based on the micro-morphological 
observations (Fig. 7.19), the following conclusion can be drawn: at high strain 
rate, due to the limited response time, the fibre-reorientation process is not fully 
completed, leading to material softening. 
At the lowest studied strain rate of 0.0001 s-1, the shrinking process of the 
layered structure is extremely slow so that free water is almost in a static 
condition. Flow resistance in this condition is small and that layered structure 
remains practically the same, according to the observation (Fig. 7.20a, d). 
Water is almost free to move nearly in any direction between fibrous layers (Fig. 
7.21a). At high strain rate of 0.1 s-1, flow resistance is relatively high. When 
shrinkage of fibrous layers occurs, free water attempts to prevent this process. 
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As a result, side walls of cells were formed by the process of squeezing out 
water (Fig. 7.21b). Due to (i) incompressibility of water and (ii) a high loading 
rate, free water pushed cross-links to form side walls until pressure level of 
each side reach a balance, resulting in formation of homogeneous cells. 
Caused by the continuing shrinking of fibrous layers, parts of free water were 
eventually squeezed out. The formed system of deep cells is like a sewer 
resulting from the movement of free water through the BC hydrogel (Fig. 7.21b). 
Because of the high flow resistance, water movement prevents fibre 
reorientation, as discussed previously, leading to material softening.  
 
 
Figure 7-21: Schematic diagram of kinematic process of free-water movement under 
tension at low (a) and high (b) strain-rate level 
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7.6. Summary 
Chapters 5 and 6 introduced mechanical characterisations of non-linear 
inelastic behaviour, tensile creep and compressive stress relaxation behaviour 
and anomalous strain-rate-dependent behaviour of the BC hydrogel. For 
comprehensive understanding of these behaviours, some micro-morphological 
observations were carried out accompanying with mechanical testing. Results 
evidenced that formation of entanglement, fibre reorientation, shrinkage of 
fibrous network, movement of water dominated mechanical behaviour of the BC 
hydrogel. Based on those phenomena, deformation mechanisms of BC 
hydrogel under various loading conditions were summarized, providing 
fundamental for development of a 2D discontinuous FE model in next chapter. 
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CHAPTER 8 
8. Assessing Axial Modulus of BC 
Nanofibre Using Discontinuous 
FE Modelling 
 
 
8.1. Introduction 
A lack of knowledge in a real-time response to deformation is due to poor 
detectability of microstructural changes in a nanofibrous network. That 
complicates predictions of their mechanical behaviour and service life for 
candidate materials implemented into body environment defined by interaction 
with native tissues. The BC hydrogel consist of a solid phase – a fibrous 
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network – embedded into a liquid phase. Normally, such a network acts as a 
main component in a load-bearing process. By controlling such parameters of 
network as the volume fraction and orientation distribution of fibres, the overall 
mechanical behaviour of the hydrogel could be optimized for a certain 
application.  
Various techniques were used for mechanical characterisation of fibres. 
Considering a diameter of nanofibres, atomic-force-microscopy (AFM) based 
tests together with custom-made nano-testing systems were employed instead 
of commercial mechanical-testing systems. For BC nanofibres, in an early study, 
Guhados et al. [88] measured their axial modulus by performing nanoscale-
three-point-bending tests using an AFM cantilever; the obtained magnitude was 
78 ± 17 GPa. But the modulus of an isolated single fibre might be different from 
that for the natural state. Such nano-testing allows directly measurements of the 
axial modulus, but the technique is expensive, time-consuming and difficult to 
implement; besides, repeatability of results is poor. Analysing micro-deformation 
of fibres under external tension, a Raman-spectroscopy-based technique was 
also used to estimate the axial modulus of BC nanofibres [93]. The technique 
employed an assumption that a Raman band shift is proportional to the applied 
stress; thus, the results depend on closeness of the used empirical relations to 
real-life behaviour.  
Different theoretical approaches were employed to assess mechanical 
properties of cellulose-based composites. Considering a BC hydrogel as a 
general dual-phase composite, its overall properties can be described in terms 
of properties and volume fraction of each component, as well as their 
interactions. Homogenization schemes can connect effective properties with 
contributions of each component accounting also for microstructure (i.e. a 
character of distribution of constituents). In many schemes, the inclusions are 
considered surrounded by an infinite matrix. Thus, an inverse process based on 
homogenization approximation could be a potential way to assess properties of 
constituents based on effective ones; still, considering the complexity of 
interaction terms in stiffness contribution tensor, it may be currently infeasible.  
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Inverse parameter estimation of properties of fibres in networks using FE 
method is also possible [27]. A core technique is to validate an approximate 
value with a global response obtained with testing and network behaviour 
assessed with numerical modelling. Theoretically, if a model could reflect 
geometries and material properties of a real material, the results could be 
considered reliable. Thus, many efforts were made to develop more realistic 
models in order to reproduce complex geometries of fibrous materials in FE 
models. A fibre-deposition method is taken into consideration in some studies, 
with fibres aligned based on a fibre orientation distribution function obtained 
from SEM or X-ray images through digital-image processing [140, 141, 68, 111]. 
Such models can imitate movement and rotation of fibres and bond points 
enhancing stiffness of a single layer fibrous network [140]. Continuous FE 
models were proposed to simulate deformation behaviour of a variety of fibrous 
materials. They are based on homogenization of fibrous networks and 
calculation of their mostly anisotropic properties that depend strongly on 
orientation distribution of fibres. More information regarding these models can 
be found elsewhere [142, 143, 144]. An amniotic fibrous microstructure was 
presented by a sparse network in [145], in which fibre interconnections 
(crosslinks) were randomly distributed ensuring no free fibres and crosslinks. 
Microstructural features of planar fibrous tissues and scaffolds such as fibre 
orientation, density and connectivity, fibre intersection densities were detected 
in SEM images and quantified with a software algorithm [109, 110]. Fibre 
density and orientation distribution functions obtained with the same software 
were recalled to reproduce a microstructure of planar layered elastomeric 
biomaterials with similar fibre orientation and distribution [112].  
Generally, numerical approaches, e.g. discontinuous finite element (FE) 
modelling, replicating mechanical behaviour of fibrous networks, could provide a 
feasible way to overcome limitations of experimental studies. A discontinuous 
FE model can introduce directly microstructure of the material incorporating 
such specific features as randomly oriented fibers, pores, and fibre intersections. 
This provides a better understanding of actual processes in the material’s 
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microstructure under variety of loading conditions. Such a discontinuous 
(microstructural) FE model allows both understanding of mechanical responses 
and optimization and it needs properties of constituent’s microstructural 
morphology, etc. Therefore, capability of the model depends on quality of 
material properties and reflection of geometries of a real material. For fibrous 
hydrogels, the main challenge would be to obtain stiffness of their nanofibres.  
In this Chapter, inspired by inverse parameter estimation, a theoretico-
experimental framework is suggested, combining in-aqua mechanical testing, 
microstructural analysis and discontinuous finite-element modelling, to 
determine stiffness of BC nanofibres. The obtained results are assessed by 
calibrating results of the FE model with our experimental data. This approach 
shows a high potential for characterisation of nanofibres in hydrogels. 
 
8.2. Framework for inverse parameter estimation 
The main idea of inverse parameter estimation for determination of the axial 
modulus of nanofibres in hydrogels is to (i) develop a realistic microstructural 
FE model based on micro-morphological observations; (ii) approximate a value 
of the axial modulus of fibres; (iii) calibrate the approximated value with 
experimental data. Main elements of the combined approach used in this study 
are illustrated in Fig. 8.1, while their brief description is given here.  
Mechanical testing: Dog-bone specimens of hydrogels were firstly 
stretched to various strain levels, then held for 300 s and, finally, 
unloaded by 1% strain with reference to the deformed specimens. The 
output of these tests was deformed specimens and the initial unloading 
modulus, which represents an effective modulus of the whole specimen 
at a certain strain level.  
Structural feature analysis: The deformed specimens were used to 
assess their microstructural features for development of model 
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geometries. The volume fraction was used to calculate an average 
distance between fibrous layers; combining it with the effective modulus 
of specimens, the effective modulus of a sub-layer was then determined 
for validation of modelling results. 
Finite-element modelling: Based on real microstructural features 
obtained from SEM images, an initial 2D model with random distribution 
of fibres was developed. In order to optimize the model, three numerical 
studies – model-size convergence, mesh sensitivity and volume-
averaging (effect of randomness) – were carried out; as a result, a 
representative volume element (RVE) was identified. Then, an 
orientation distribution of fibres from structural analysis was implemented 
to develop a microstructural model of a deformed fibrous network.  
Data analysis: In a quasi-static tension regime, an elastic response of 
the RVE with a specific orientation distribution of fibres was obtained 
together with an approximate value of the axial modulus; then, it was 
calibrated with experimental data to the estimate axial modulus of BC 
nanofibres.  
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Figure 8-1: Flowchart of theoretico-experimental framework 
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8.3. Experimental procedure 
8.3.1. Measurement of effective elastic modulus 
The BC hydrogel is practically a viscoelastic material thanks to its high liquid 
content [132, 133]. Motion of water during a process of deformation is involved 
in the network’s response, affecting the measurements of its stiffness [147]. In 
this study, an initial unloading tangent modulus was used as effective elastic 
property of bulk specimens based on inelastic behaviour from our previous 
research [135]. It is assumed that the initial unloading behaviour is purely elastic 
due to the limited time. Hence, specimens (n=5) were firstly stretched in aqua to 
five strain levels ranging from 20% to 60% at strain rate of 0.001 s-1, and then 
the attained level of displacement was hold for 300 s to reduce the effect of 
water motion; finally, specimens were unloaded by 1% strain at the same strain 
rate (Fig. 8.2). The measured values of effective stiffness effE  are summarized 
in Tab. 8.1. 
 
Figure 8-2: Schematic diagram for obtaining effective elastic modulus of bulk material 
  
8.3.2. Measurement of volume fraction of fibres of 
stretched specimens 
 
The water in stretched specimens was removed by freeze-drying for 24 hrs. 
Then, a rectangular part was cut from the gauge length of the stretched 
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specimen. The geometries of these parts were captured with optical microscopy 
to calculate their total volume (Fig. 7.6 in pp. 148). Then, the parts were 
weighed with accuracy of ± 0.0001 g. The cellulose volume fraction of the whole 
specimen fV  was calculated as 
V
m
V f
/
 ,  (8.1) 
where m  is the dry mass,   is the density of cellulose fibre (1592 kg/m3 [149]), 
V  is the total volume. The value of fV  at each strain level can be found in Tab. 
8.1. 
 
8.3.3. Statistics of fibre orientation 
The statistic data of fibre orientation was obtained with image analysis. Detailed 
information could be found in section 7.2.4. The variance parameter   of the 
normal distribution function for each strain level is given in Tab. 8.1. Apparently, 
in the process of stretching, one of the main microstructural features of the 
changes induced in the fibrous network is reorientation of fibres towards the 
direction of deformation; this process was observed in various networks (see 
e.g. [67]). 
 
8.4. Identification of network structure of the BC 
hydrogel 
A solid phase of BC hydrogel is a multi-layerd scaffold with some cross-link 
fibres to interconnect fibrous layers. Based on the micro-morphology 
observations, a BC fibrous layer consists of dense fibres (Fig. 8.3a); while, an 
image of a single mesh-like network vividly demonstrates that porosity is higher 
than that of a fibrous layer (Fig. 8.3b). The levels of porosity measured with 
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image analysis in the fibrous layer and the single mesh-like network were 22.2% 
and 65.0%, respectively. In a 2D case, considering the overlapping domains, it 
was assumed (based on SEM analysis) that three 2D mesh-like networks (sub-
layers) were compacted in 3D to form one fibrous layer (Fig. 8.3c). Also, the 
diameter and aspect ratio of segments of fibres between their intersections 
were obtained with image analysis with mean values of ~130 nm (similar 
magnitudes were obtained in the study of Grande et al. [151]) and ~10, 
respectively. 
 
Figure 8-3: SEM images of nanofibrous networks in layer (5000×) (a) and single sub-
layer (5000×) (b). It was found that a single fibrous layer consisted of three sub-layers 
(c). 
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8.5. Discontinuous finite-element modelling 
8.5.1. Generation of random microstructure 
Since BC fibrous network has a random geometry, a MATLAB code was 
developed to generate the random geometries of BC fibrous based on structural 
observations. A flowchart to introduce generation of random microstructure of 
BC hydrogel can be found in Fig. 8.4a.  Statistics of fibre orientation distribution 
at strain levels were fit with normal distribution in Section 7.2.4, and the 
variance parameter 𝛼 in normal distribution of each strain level was used to 
control fibre orientation in MATLAB. Centre coordinates of continuous fibres are 
calculated through a built-in random-number generator within boundaries of the 
fibrous network, and the fibres are aligned in accordance with the fibre 
orientation distribution function (ODF) obtained from SEM images using 
parameter   (Fig. 8.4b-i). To simplify the analysis, all the fibre-segments were 
considered as straight cylinders with a constant diameter of 130 nm. The model 
size is specified in the code. At this stage, continuous fibres are subject to 
trimming (Fig. 8.4b-ii). The model is divided into four regions 𝑅𝑖 (𝑖 = 1,2,3,4) 
defined by 4 vectors passing through the centre point of the corresponding fibre; 
and then, the fibres are trimmed by the model boundary corresponding to its 
region (Fig. 8.4b-iii). Long fibres should be divided into several fibre-segments 
due to formation of entanglements. To model this process, in the subsequent 
operation, intersections of long fibres are computed and fibres are broken into 
segments by those intersections. Then, some short fibres between 
entanglements should be avoid since the shortest fibre-segment from SEM 
images is around 300 nm; hence, some short fibres with length less than 300 
nm are removed by reorganizing the adjacent intersection points into one (Fig. 
8.4c i-ii). Then, in order to model rotating joint, one fibre was cut into three part 
– one central part and two end parts with 130 nm length (equal to diameter of 
fibre) connecting with intersection points; and the end parts, which has the 
same rotating point, assembled together to model rotating joint. Considering 
that a calibration process would necessitate over a hundred of FE model trials, 
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a Python® code was developed for pre-processing of FE model geometries in 
commercial finite element software – MSC Marc®. 
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Figure 8-4: (a) Flowchart of modelling including pre-processing and post-processing. 
Schematic diagrams of process of trimming of fibres (b), removal of short fibre 
segments (c) and boundary conditions (d); (e) a random model with detailed 
information to show model geometries 
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8.5.2. Generation of FE model 
In this study, MSC Marc® was used for pre-processing, solving the nonlinear 
structural equations and post-processing. In this model, fibre segments and 
rotating joint are introduced. Considering that the fully hydrated cellulose fibres 
would not carry bending, truss element was selected to present fibre segments, 
and the stiffness of fibres was an approximate value with an initial guess of 50 
GPa. For rotating joint, since there is no evidence to support whether 
entanglements can carry bending load, beam element was chosen, and the 
stiffness of rotating joint was selected from 10%, 50% and 100% of the 
approximate stiffness of fibre segment. 
Boundary conditions are applied as depicted in Fig. 8.4d. The model is 
constrained at its left-hand side along the loading direction and stretched with a 
constant strain rate, reproducing conditions of the experiments. 
 
8.5.3. Representative volume element 
 
Considering the size of nanofibres, hundreds of millions of fibre-elements and 
intersections are required to account for dimensions of the used testing 
specimens, making the computational cost prohibitive. One of the feasible 
approaches to solve this problem is to use a representative volume element 
(RVE) [152]. An effective way to qualify whether a specific model can be treated 
as RVE is by testing its property of representativeness; in other words, 
properties of interest should be model-independent. In this study, three studies 
– model-size convergence, mesh-size sensitivity and volume-averaging 
properties – were carried out for that goal. 
 Numerical samples of statistical realizations (n=30) with random fibre 
orientation and various model sizes increasing from 0.1 × 0.1 mm2 to 1 × 
1 mm2 were developed, and then applied with the same quasi-static 
loading conditions (Fig. 8.5a).  
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 Thirty numerical samples (0.7 × 0.7 mm2) with various mesh sizes – from 
1 to 6 elements per fibre segment – were used in the mesh-sensitivity 
study (Fig. 8.5b).  
 Numerical samples (n=30， 0.7 × 0.7 mm2， 4 elements per fibre 
segment ) with fibre orientation distribution corresponding to strains from 
20% to 60% were developed for the volume-averaging study (Fig. 8.5c). 
It was stated [114] that the averaged properties tended to converge when 
the amount of numerical samples is large enough, assessed by a 
tendency of a relative error of mean value (REMV) according to the 
following expressions:  
n
Q
M
M
MM
REMV
n
i
i
n
n
nn






 1
1
1
%,100 ,  
(8.2) 
where iQ  is the value of sample i , nM  is the mean value for n  
samples. 
The results of these three studies suggest that the model with size of 0.7 × 0.7 
mm2, 4 mesh elements per fibre segment can be treated as RVE in this study. 
Properties averaged for 16 numerical samples could represent global response 
of the whole material reasonably well. 
 
CHAPTER 8  
Assessing Axial Modulus of BC Nanofibre Using Discontinuous FE Modelling 
~ 186 ~ 
 
 
Figure 8-5: (a) The model size convergence shows that the size of RVE could be 0.7 × 
0.7 mm2. (b) The mesh sensitivity study implies that 4 elements per fibre-segment 
could be a reasonable compromise between the mesh size and the computational cost. 
(c) Volume-averaged properties of 16 numerical samples could represent a global 
response of the whole. (Note that the input value of stiffness of 50 GPa was used in 
these studies.) 
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8.6. Calculations and error analysis to assess stiffness of 
BC nanfobres 
The obtained level of porosity of a single sub-layer (65.0%) was calculated by 
image analysis so that the cellulose content (35.0%) represents an area ratio in 
a 2D case. In order to convert the area ratio into a volume fraction, it was 
assumed that a single sub-layer has constant thickness equal to the diameter of 
fibres (130 nm); then, the volume fraction of a single sub-layer fv  was 
estimated as  
ff Av
4

 ,  (8.3) 
where fA  is the area ratio. Based on the micro-morphological observations, one 
fibrous layer is composed of three parallel sub-layers (Fig. 8.3c), with some 20% 
of fibres acting as cross-links between the fibrous layers. Thus, an average 
distance between fibrous layers H  (Fig. 8.3c) could be calculated as  
f
f
V
Dv
H
8.0
3
 ,  (8.4) 
where D  is the average fibre diameter, representing the thickness level of the 
sub-layer. The values of H  for each strain level are summarized in Tab. 1. 
Apparently, axial stretching of hydrogel specimens resulted in their lateral 
(through-thickness) thinning, i.e. decrease of H . The studied BC hydrogel could 
be treated as an assembly of periodic layers (three sub-layers plus one liquid 
layer) with thickness H  arranged in parallel. Thereby, the effective modulus of 
one sub-layer 
Exp
netE , obtained from experimental tests and assessments of 
microstructure, can be calculated as  
D
HE
E
effExp
net  ,  (8.5) 
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Obviously, this value should be used as a reference for the magnitudes of 
network’s stiffness obtained in the numerical simulations; this is illustrated in Fig. 
8.6a. Since the level of stiffness of nanofibres is not known a priori – rather, it is 
a sought parameter, various value of the approximate axial modulus fE  were 
implemented in RVE – based simulations. The effective modulus of model 
Mod
netE  
obtained for various values of fE  at each strain level were determined (they 
are shown as red-dash lines in Fig. 8.6a). The axial modulus at each strain level 
was calibrated with the modelling results, and the respective values can be 
found in Fig. 8a. It demonstrates that the axial modulus of BC nanofibres falls 
within a range approximately between 50 to 65 GPa. Especially, the fit results 
for strains of 30%, 40%, 50% and 60% are close to each other. It should be 
noted that the microstructure would be modified by stretching induced to various 
strain levels, resulting in different effective moduli, volume fractions, etc.; while, 
the axial modulus (stiffness) of fibres would substantially remain the same. 
Hence, to have a unique value matching cases of all strain levels is essential. 
An error evaluation of relative mean deviation (RMD) was applied to obtained 
the most suitable magnitude of fibre stiffness: 





Exp
net
Exp
net
Mod
net
E
EE
n
RMD
1
,  (8.6) 
where 

Mod
netE  and 
Exp
netE  are the effective modulus at the strain level   
calculated from modelling and experiments, respectively. As shown in Fig. 8.6b, 
an error margin of 10% was considered in this study, and the axial modulus of 
BC nanofibres was calibrated within a range between 53.7 and 64.9 GPa with a 
minimal mean deviation of 3.6% at 60.6 GPa. 
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Figure 8-6: (a) Stiffness of BC nanofibre fE  at each strain level was calibrated by 
fitting experimental results with model behaviour. (b) Evolution of RMD with a value of 
approximate stiffness fE  suggests a range of fE  for a 10% error. 
Table 8.1: Characteristic parameters of BC network after various strain levels of 
stretching 
Strain 
level, % 
Variance 
parameter 
  
Effective modulus 
𝐸𝑒𝑓𝑓, MPa 
Volume fraction 
𝑉𝑓, % 
Distance between 
fibrous layers 
𝐻,  𝜇𝑚 
20 42.7 24.37 ± 4.22 4.96 ± 0.56 2.70 
30 33.24 43.48 ± 4.59 6.57 ± 0.75 2.04 
40 29.56 61.14 ± 8.32 8.72 ± 1.12 1.54 
50 27.98 79.61 ± 5.69 10.85 ± 0.99 1.24 
60 23.50 90.37 ± 9.12 11.35 ± 1.05 1.18 
8.7. Limitation of the FE model 
The accuracy and reliability of the results would depend on design and progress 
of the experiments and whether the developed FE model could reflect real BC 
hydrogel. Obviously, the model developed in this chapter is a simple one with 
some limitations that are necessary to be completed In the future. 
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 In generation of random geometries, long fibres with controlled 
orientation were randomly placed; while, the density of intersection was 
not under control. Stiffness of fibrous network is strongly related to 
density of intersection. In order to minimize such limitation, model size 
has to be increased, and that increases the computational cost. 
 Periodic boundary conditions are often used in cooperating with RVE, but, 
in this model, they are not involved. Also, to cover the effect of such 
limitation, model size should be increased, leading to more expensive 
computations. 
 The model only considered elastic behaviour of the network; while, in fact, 
BC fibrous network shows viscoelastic behaviour even though, in 
experimental part, use initial unloading modulus as effective stiffness to 
minimize viscoelastic effect. 
 Such 2D model ignored stiffness contribution from cross-links between 
fibrous layers. In experimental part, there is no strong evidence to 
support such assumption; hence, a 3D model considering cross-links is 
desired in the future work. 
 Results from Chapter 4, 5 and 6 support that interstitial water of the BC 
hydrogel would affect its mechanical behaviour; while, the model did not 
implement water as a metrix material. 
 
8.8. Summary 
A theoretico-experimental framework was developed and implemented to 
assess stiffness of the BC nanofibres. The initial unloading behaviour of 
specimens after a certain level of stretching in tensile in-aqua tests can be 
assumed as purely elastic making a basis for stiffness assessment. 
Morphological observations allowed us to identify structural features of the 
nanofibrous network for both calculating effective stiffness of layered structure 
from the experimental data and developing geometries of discontinuous FE 
models. RVEs with actual geometries were developed and used in simulations 
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with a range of approximate values of stiffness of BC nanofibres in order to 
match the experimental data. The obtained levels of stiffness between 53 and 
65 GPa (for 10% error) and the best value of 60.6 GPa – are comparable with 
results obtained with nano-testing, suggesting a potential to use this framework 
to determine stiffness of nanofibres in hydrogels, and other networks. 
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CHAPTER 9 
9. Conclusions and future work 
 
 
9.1. Conclusions 
Bacterial cellulose (BC) hydrogel is a natural polymer-based hydrogel produced 
by some certain strains of bacteria. Under static culturing conditions, naturally 
interweaved BC nanofibres are randomly distributed in a plane of a fibrous layer 
with a small amount of fibres acting as cross-links to construct a multi-layered 
structure that could hold a large content of water, as a result, forming a hydrogel. 
In the last decade, thanks to rapid developments of tissue engineering, BC 
hydrogels gained a growing interest mainly thanks to their attractive biological 
properties making them suitable for various biomedical applications. Their 
excellent biocompatibility, structure similar to that of some real tissues could 
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provide an ideal environment promising many potential uses such as direct 
implant replacement of some human tissues and scaffolds feasible for in-vitro 
tissue regeneration. Prior to implementation of any application, one important 
criterion – mechanical properties – to qualify the applicability is necessary to be 
comprehensively determined, especially mechanical behaviour under 
application-relevant conditions. Most biomaterials demonstrate time-dependent 
behaviour mainly thanks to viscous contribution of their liquid content; this is 
also true for BC hydrogels. A comprehensive understanding of such behaviour 
is crucial since it is expected to be exposed to complex loading conditions of 
body environment. Some efforts in the literature were made to study mechanics 
of BC hydrogels at macroscopic level, including documented values of their 
mechanical moduli. Still, some traditional mechanical schemes and testing 
methods used to define mechanical properties of conventional engineering 
materials might not be suitable for BC hydrogels or even fibrous hydrogels since 
they demonstrate non-linear behaviour with dramatic microstructural changes 
when undergoing deformations. A structural system with a nano-fibrous multi-
layered architecture and large water content is typical for BC hydrogels at 
microscopic level. Such a complex structure together with poor detectability of 
microstructural changes complicates our understanding of micromechanics of 
BC hydrogels, especially their deformation mechanisms. Fortunately, a 
discontinuous FE method provides a feasible solution quantifying a response by 
numerical modelling; still, characterisation of stiffness of nanofibres became a 
challenge. Some nanotechnology could drive this matter; still, shortcomings are 
obvious, such as significant efforts, high costs, implementation difficulties, etc. 
Thus, a more convenient method is desirable. 
Hence, this PhD project accomplished a framework of mechanical testing and 
micro-morphological observations to study mechanics of the BC hydrogel at 
macro and microscopic levels. The experimentally determined results provided 
a foundation for development of a 2D discontinuous FE model. Finally, bringing 
together experimental data with the obtained numerical results, stiffness of BC 
nanofibres was calibrated with inverse parameter estimation. The main 
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outcomes and achievements of the study are briefly concluded in the following 
sections. 
 
9.1.1. Mechanics of BC hydrogel at macroscopic level 
i. Tensile and compressive behaviour 
 Due to its structural features, the BC hydrogel showed extreme 
dissimilarity of mechanical behaviour in its fibrous plane and along the 
through-thickness direction; in addition, tensile behaviour in the fibrous 
plane and compressive behaviour along the through-thickness direction 
are more important than the compressive one in the fibrous plane and 
tensile one along the through-thickness direction. 
 The BC hydrogel demonstrate non-linear tensile behaviour with a 
material-stiffening process in the fibrous plane and compressive 
behaviour in the through-thickness direction with five and three 
characteristic stages, respectively, reflecting variation of microstructural 
changes in these stages in a process of deformation. 
 At strain rate of 0.001 s-1, the BC hydrogel offered high ductility, with an 
ultimate strain of 64.2%, and ultimate stress of 1.43 ± 0.05 MPa; it 
demonstrated two quasi-linear stages of the in-plane tensile behaviour 
with an initial modulus of 0.56 ± 0.10 MPa and linear modulus of 3.56 ± 
0.31 MPa. During through-thickness compression, a continuous material 
stiffening process was observed. 
 The images recorded during uniaxial tension and compression showed 
volumetric changes of specimens during the loading process reflecting a 
dramatic shrinking process of the fibrous network under the in-plane 
tensile load, and no obvious expanding in the fibrous plane when 
applying the through-thickness compressive load could be observed (no 
Poisson’s effect), indicating an aggregation process of fibrous layers in 
through-thickness compression. 
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ii. Inelastic behaviour 
 From the results of cyclic tests, no purely elastic region was observed 
both in tension and compression behaviours of the BC hydrogel; elastic 
deformation was accompanied with non-elastic (viscoplastic) one in both 
tension and compression processes, suggesting that the BC hydrogel 
demonstrated inelastic behaviour.  
 The evolution of loading, unloading and reloading moduli with an 
increased strain level in cyclic tension evidenced a material-stiffening 
process, coinciding with the results obtained in uniaxial tension. 
 Resilience of the BC hydrogel in in-plane tension was between 10% and 
15%, and below 2% in through-thickness compression. 
 
iii. Time-dependent behaviour 
 The BC hydrogel consists of a liquid phase of water making it a 
viscoelastic material. It shows typical creep behaviour in in-plane tension 
and stress-relaxation behaviour in through-thickness compression at 
various stress and force levels, respectively. 
 The experimentally determined data from creep and stress relaxation 
tests were assessed with a fractional-exponential model; it confirmed the 
material-stiffening process with increased strain, reflecting a structure-
function relationship (details can be found in [132, 133]). 
 Anomalous strain-rate-dependent behaviour of the BC hydrogel – 
consequently insensitive to strain-rate, strain-rate hardening, strain-rate 
softening, and strain-rate insensitive with an increasing strain rate – 
under in-plane tension was determined.  
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9.1.2. Mechanics of BC hydrogel at microscopic level 
i. Deformation mechanisms 
 Under external tensile load, entanglements in BC fibrous layers were 
easily formed since BC nanofibres are naturally interwoven thanks to 
production method of the BC hydrogel. The formation of entanglement is 
an irreversible process that could be considered as one of the major 
reason of inelastic behaviour. Entanglements could enhance stiffness of 
the network structure; thus, owing to the external tensile load stretching 
BC fibrous layers, a growing amount of entanglements might result 
material stiffening. 
 As a result of entanglement formation, BC long fibres are substantially 
divided into several fibre-segments; thus, under external tensile load, 
fibre-segments tended to reorient toward local entanglements. As 
followed micro-morphological observations, fibre-segments were 
stretched by entanglements and reoriented gradually along the loading 
direction; thus, based on the concept of homogenisation, fibre 
reorientation along the loading direction could contribute to the material-
stiffening process. 
 Under the tensile load, multi-layered structure shrank in the lateral 
direction, resulting in squeezing water out of the hydrogel; such a 
process is a reversible one, like in a sponge. 
 Under biaxial load, randomly distributed BC nanofibres were reorganized 
to construct some mesh-like networks, reflecting mechanical modification 
aimed to produce porous a 3D scaffold for tissue-engineering 
applications. 
 Under high strain-rate loading, formation of entanglement and 
reorientation of fibre-segments have a limited time to response, and 
water resistance is relatively high to prevent processes of formation of 
entanglement and reorientation of fibre-segments, thus causing strain-
rate-dependent softening behaviour. 
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ii. Identification of network structure 
 The BC hydrogel was produced in a process of primary metabolisms of 
some aerobe bacteria that are more like to stay at the interface between 
air and nutrition solution; thus, BC hydrogels have a multi-layered 
structure with some cross-links of fibres between fibrous layers. 
 Each layer is actually consists of three sub-layers compacted together, 
with each sub-layer being a mesh-like network; thus, the studied BC 
hydrogel could be treated as an assembly of periodic layers (three sub-
layers and one liquid layer) arranged in parallel. 
 Microstructure of the BC hydrogel after various strains was captured with 
SEM. Statistics of fibre orientation after 20%, 30%, 40%, 50% and 60% 
strain was obtained by image processing. 
 
iii. Assessment of stiffness of BC nanofibres 
 Considering that a calibration process would necessitate over a hundred 
of FE model trials, a Python® code was developed for pre-processing of 
a FE model to introduce a random fibrous network. 
 The model with size of 0.7 × 0.7 mm2, 4 mesh elements per fibre 
segment was treated as a representative volume element to study the 
global response of the BC hydrogel. Properties averaged for 16 
numerical samples were used to represent the global response of the 
whole material reasonably well. 
 The obtained levels of stiffness of BC nanofibres were assessed 
between 53 and 65 GPa (for 10% error) with the best value of 60.6 GPa. 
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9.2. Future works 
In this PhD project, several challenges were overtaken; still, there are some 
further research challenges that can still be achieved. In this section, some future 
investigations are suggested briefly. 
 Further experimental research to investigate fracture behaviour of the 
BC hydrogel at various length scales is suggested. 
 In this study, the behaviours of a BC hydrogel were only examined; it 
will be beneficial to test other types of fibrous hydrogels as well as 
BC-based composites, and then compare their behaviours with that of 
the BC hydrogel. 
 It is worth to test the applicability of the modified porous scaffold for 
uses in tissue engineering. 
 Based on the idea of inverse parameter estimation, following the work 
on the theoretico-experimental framework in Chapter 8, further 
research to assess viscoelastic properties and failure properties of 
BC nanofibre is suggested. 
 The current FE model considers only behaviour of the network; in fact, 
the behaviour of BC hydrogel is also affected by the solid phase of 
the network structure, liquid phase of water and interaction between 
water and fibres. Thus, fluid-structure interaction could be introduced 
into a FE model in order to make it more advanced.  
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